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Ultrasonic velocity (u), density (p) and viscosity (T|) values have 
been measured for ternary systems, (amino acid / di-peptide + salt + 
water): L-leucine / L-asparagine / glycylglycine each in 1.5M aqueous 
solutions of NaCl or NaNOs or KNO3 used as solvents for several 
concentrations of amino acids / di-peptide at different temperatures in the 
range of 298.15 to 323.15K. The measured density values exhibit usual 
increasing trend of variation with increase in concentration and 
decreasing trend with increase in temperature for the systems under 
investigation. The ultrasonic velocity values have been found to increase 
with increase in amino acids / di-peptide concentration and temperature in 
all the systems. The increase in ultrasound velocity with increase in 
concentration has been attributed to an overall increase in cohesion in 
solutions. The enhanced cohesion in solutions has been discussed in 
terms of ion-zwitterion and water dipole-zwitterion electrostatic 
interactions. It has been observed that the ion-zwitterion and ion- water 
dipole attractive forces are stronger than those of ion-hydrophobic 
repulsive forces. It has been believed that smaller in size but more 
compact clusters of water are formed with increase in temperature. Using 
ultrasonic velocity and density data, the parameters such as isentropic 
compressibility (KS), and change (AKJ) and relative change (AKS/KO) in 
isentropic compressibility, specific acoustic impedance (Z) and relative 
association (RA) have been computed. These parameters have been used 
to study the intermolecular / interionic interactions in all the systems. 
The Ks values have been found to decrease with an increase in 
concentration of amino acids / di-peptide as well as with temperature in 
all the studied systems. The decrease in KJ values with increase in 
concentration of solutes has been associated with an increase in the 
(ii) 
number of incompressible entities in solutions whereas a decrease in KJ 
values with increase in temperature have been interpreted in terms of the 
structural changes of water. The computed AKS and AKJ/KQ values have 
been found to increase with increase in concentration but represent an 
irregular trend of variations with temperature. The AKJ and AKJ/KQ values 
have been fitted linearly with molal concentration of amino acids / di-
peptide. The interionic / intermolecular interactions between solute and 
solvent have been examined in terms of the deviation of intercept values 
from ideal behaviour. Specific acoustic impedance values show an 
increasing trend of variation with increase in amino acid / di-peptide 
concentration and temperature. These trends of variation have been 
ascribed to the overall reduction in the repulsive forces with 
concentration and temperature. The relative association values do not 
show any remarkable change with variations in concentration and 
temperature. This has been attributed to essentially weaker interionic / 
intermolecular interactions in the systems under investigation. 
Density and ultrasonic velocity data have been employed for the 
calculation of isothermal compressibility values (KJ) by using 
McGowan's, and Pandey and Vyas' relations. It is noteworthy that the 
values of KJ obtained from these two relations are quite close to each 
other in all the systems investigated. The trend of variation of KJ values 
with increase in concentration of amino acids / di-peptide and 
temperature in all the three solvent systems are in agreement with the 
trends of variations of isentropic compressibility values. 
The internal pressure (Pj), solubility parameter (5) and Pseudo-
Gruneisen parameter (F) values have been computed by using the values 
of KT obtained from McGowan's relation. The internal pressure and 
(iii) 
solubility parameter values have been found to increase with increase in 
amino acid / di-peptide concentration as well as temperature. These 
trends of variation are similar to those of KT values. The Pseudo-
Gruneisen parameter values decrease with increase in temperature, which 
reflect the disruption of molecular association due to an increase in 
kinetic energy of constituents of solutions. 
The apparent molal volumes ((})v) and apparent molal isentropic 
compressibilities ((1)^ ) of amino acids / di-peptide in 1.5M aqueous 
solutions of NaCl, NaNOs and KNO3 have been calculated at several 
temperatures by using density and isentropic compressibility values. 
These parameter values have been used to derive the apparent molal 
volumes at infinite dilution that is partial molal volumes, ((j) °) and 
apparent molal isentropic compressibilities at infinite dilution that is 
partial molal compressibilities, ((j) [ ) for amino acids and di-peptide in the 
said aqueous solutions of electrolytes. The observed ^ ° values for the 
studied amino acids / di-peptide in aqueous electrolyte medium have been 
found to be larger in magnitude than those of corresponding values in 
water. The (j)" values in aqueous electrolytes have been utilized in 
conjunction with the literature data of corresponding (j)" in water to 
deduce the partial molal volumes of transfer (Atr (|) ^) of the solutes from 
water to that of the aqueous electrolyte medium. The volumes of transfer 
for amino acids / di-peptide under investigation have been found to be 
positive. These results have been explained in terms of the electrostatic 
interactions between ions and charged centres of zwitterions as well as 
between zwitterions and water dipole. It appears that the A,r (j)" values 
depend less on the type of the electrolyte present in solution than on the 
(iv) 
ionic strength of tlie solution. The negative values with few positive 
apparent isentropic compressibility values have been found in all the 
systems under investigation. The negative apparent isentropic 
compressibility values indicate that the water molecules around the amino 
acids / di-peptide molecules are less compressible than the water 
molecules in the bulk solvent. This behaviour has been discussed in terms 
of electrostatic forces operative between zwitterions and ions of solutions. 
The negative and positive magnitudes of Sy and Sk values have been 
explained in terms of weak and strong solute - solute interactions, 
respectively. 
The viscosity values exhibit usual increasing trend with increase in 
amino acids / di-peptide concentration and decreasing trend with increase 
in temperature in all the nine systems under investigation. The trend of 
variation of calculated specific viscosity (ri^ p) values with change in 
concentration of solute and temperature is similar to those of the viscosity 
values. It has been observed that rj^p values are more concentration 
dependent than temperature. The relative viscosity (r i j data for all the 
systems have been fitted to the Jones-Dole equation in order to evaluate 
the B-coefficient values. The viscosity B-coefficient values for all the 
three solutes in all the three aqueous electrolyte systems have been found 
to be positive. The positive values of B-coefficient have been interpreted 
in terms of the solute-solvent iontemiolecular / interionic interactions. 
The computed viscosity B-coefficient values have been compared with 
those of the literature values. A good agreement has been found between 
the observed and literature values. 
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Proteins play a vital role in nearly all-biological processes. The 
detailed three-dimensional structure of proteins provides critical 
information about the molecules but they do not provide any information 
about the thermodynamic stability of a molecule or the energetics of its 
interactions with other substances (1). Protein hydration is an important 
factor that is responsible for stabilizing the native structure of globular 
proteins in aqueous solutions. The specific interactions of water with 
various functional groups on the proteins as well as other solvent-related 
effects contribute to the formation of the stable folded structure of 
proteins in solutions (2). The process of denaturation of a globular protein 
in aqueous solution involves a change from the native state, in which the 
protein adopts its characteristic folded conformation, to the denatured 
state where the protein is predominantly in an extended unfolded form. 
During this process substantial changes in protein hydration occur and 
these changes make an important contribution to the energetics of protein 
denaturation (3,4). 
Although studies on thermodynamics of proteins have been the 
focus of investigations in biophysical chemistry and biophysics since 
long time (5,6), but thermodynamic stability and folding process of 
proteins are still not fully understood. Therefore, a great deal of 
fundamental information is still required in order to solve many key 
questions related to thermodynamic stability and folding process. The 
most reliable information about the phenomenon of folding would 
obviously be obtained by observing the process under in-vivo conditions, 
where it is believed to take place almost instantaneously during the 
ribosomal synthesis. However, the limitations of the experimental 
techniques in studying such fast in-vivo processes turn out to be a major 
impediment to obtaining such direct information. Hence, the fows of 
study shifts to consideration of indirect methods of investigation. In the 
past, several indirect methods have been used to investigate the folding of 
proteins. Most common among them include the determination of amino 
acid sequence and its correlation with structure (7), the study of refolding 
experiments using denaturants (3), theoretical modeling using computer 
simulations (8) and the thermodynamic analysis of conformations 
involved in the folding process (9,10). Results obtained from these 
methods have provided a fairly general understanding of the 
phenomenon, but some concepts of fundamental importance still remain 
to be explored. 
Amino acids and peptides are the fundamental structural units of 
proteins. It is generally recognized that in the absence of experimental 
thermodynamic data for proteins, amino acids and peptides can serve as 
useful models in estimating their properties (11,12). Even in situations 
where experimental data are available, the properties of these smaller 
units are still found applicable in exploring various aspects of structure 
organization and thermodynamic stability in the large bio-molecules (9). 
Thermodynamic properties of these model compounds provide valuable 
information about solute -solvent and solute-solute interactions, which in 
turn may help to understand several biochemical processes such as 
protein hydration, denaturation, aggregation etc. (13-32). 
In aqueous medium, amino acids exist essentially as dipolar ions 
manifesting a unique hydration behaviour, which appears to be subtly 
linked to the vital biological phenomenon. Because of such subtle 
linkage, studies of hydration behaviour of amino acids and peptides in 
different media are also considered of significance in unfolding the role 
of dipolar ions in the living phenomenon. Moreover, amino acids are 
important food additives and have many applications in the 
pharmaceutical industries, wliereas peptides are widely used in drug 
production that is a result of their ability to act as hormones and their role 
as signal transmitters in cell communication (33,34). 
' It is useful to extend the study of amino acids and peptides in 
aqueous electrolyte systems as biological fluids are not pure water. A 
small change in water structure can greatly inhibit the physiological 
reactions in tissues or cells, which are made up of biological 
macromolecules. The change in water structure can be brought about by 
the presence of electrolytes. Some times, these changes are helpful in 
controlling undesired physiological reactions occurring in living 
organisms (35-39). Thus, the study of the effect of electrolytes on model 
compounds of biological macromolecules is of fundamental importance. ' 
Living organisms require at least twenty-seven elements, of which 
fifteen are metals. Metals required in major quantities are K, Mg, Na and 
Ca. Minor quantities of Mn, Fe, Co, Cu, Zn and Mo, and trace amounts of 
V, Cr, Sn, Ni and Al, are required by at least some organisms. Bulk 
quantities of K, Mg, Na and Ca are required mainly to balance the 
electrical charges associated with negatively charged organic 
macromolecules in the cell, and also to maintain the osmotic pressure 
inside the cell, to keep it turgid and prevent its collapse. 
In spite of close similarity of chemical properties between Na and 
K, it is worth noting that their biological functions are very different. Na"^  
are actively expelled from cells, whereas K"^  are not. This ion transport is 
sometimes called a sodium pump, and it involves both the active 
expulsion of Na^ and the active take-up of K"^ . Analysis of the fluids 
inside and outside animal cells shows that ion transport really does occur. 
In animal cells the concentration of K"^  is about 0.15M and the 
concentration of Na^ is about 0.0IM. In body fluids (lymph and blood) 
the concentrations of K^ and Na^ are about 0.003 M and 0.15 M, 
respectively. The transport of ions requires energy, and this is obtained by 
the hydrolysis of ATP. It is estimated that hydrolysis of one ATP 
molecule to ADP provides enough energy to move three Na"^  ions out of 
the cell, and two K"^  and one H"^  ions back into the cell. The different ratio 
of Na^ to K"^  inside and outside cells produces an electrical potential 
across the cell membrane, which is essential for the functioning of nerve 
and muscle cells. The movement of amino acids into cells is associated 
with Na"^  ions; they enter the cell together. This is favoured by a high 
concentration gradient. The Na"*^  ions entering the cell in this way must 
then be expelled. K"^  ions inside the cells are essential for the metabolism 
of glucose, the synthesis of proteins, and the activation of some enzymes 
(40). 
Moreover, many cations and anions of neutral salts affect the 
structure and properties of proteins such as their solubility, stability, and 
biological activity in widely different manners (41-43), The effectiveness 
of various neutral salts toward the destabilizing tendency of proteins is 
known as the Hofmeister series (44). In the literature there are some 
reports (45) about the effect of various neutral salts on the transition 
temperature of proteins and enzymes. Harrington and Herskoits (46) in a 
paper on the subunit structure and dissociation of Lumbricus terrestris 
hemoglobin by salts have pointed out that various neutral salts including 
sodium chloride tend to dissociate the duodecameric structure of 
hemoglobin into its subunits. Nagy and Jencks (47) have pointed out that 
electrolytes induce dissociation in the protein F-action without causing 
any conformational change or denaturation. They have suggested that 
salts interact directly with the peptide groups of the protein and bring 
about its dissociation. The peptide group is strongly salted in or stabilized 
by Nal, NaC104, NaSCN, NaCbCOO; it is salted in less strongly by KF, 
LiCl, NaCl, KCl, CsCl and NaBr; and (CH3)4NBr and Na2S04 have 
negligible salting in effects. Nandi and Robinson (48,49) have also 
studied the salting in or salting out effects of several salts on 
macromolecules or proteins, and suggested that salt interact directly with 
peptide group. 
Ultrasonic velocity data as such provide little information about the 
nature and magnitude of the various intermolecular / interionic 
interactions (50,51) but its derived thermodynamic parameters, namely, 
isentropic compressibility, change and relative change in isentropic 
compressibility, specific acoustic impedance and relative association 
provide important information for understanding the nature and strength 
of various solute-solute and solute-solvent interactions responsible for the 
behaviour of aqueous solutions and non-aqueous mixtures (52-62). 
The knowledge of isothermal compressibility and excess 
compressibility value may enable one to account for the extent and nature 
of interactions in mixtures (63-66). The excess compressibility values 
may further be used to evaluate theoretically the sound velocity which 
describes equilibrium as well as non-equilibrium properties (67). The 
standard-state partial molar isothermal compressibility is a sensitive 
measure of solute-solvent interactions and, as such, can be used to 
monitor solute hydration in aqueous solution (68,69). It is not easy task to 
determine isothermal compressibility values directly (69). The precise 
measurements of ultrasonic velocity and density data have been used to 
calculate the isentropic compressibility values rather than isothermal 
compressibility. liowever, from the knowledge of coefficient of thermal 
expansion and heat capacities, it is possible to convert isentropic 
compressibility into the more useful thermodynamic quantity that is 
isothermal compressibility (70,71). Moreover, there is a direct link, 
through statistical thermodynamics, between the mean square volume 
fluctuations of a protein and its isothermal coefficient of compressibility 
(71). Pandey and Vyas (72) proposed a relation for the calculation of 
isothermal compressibilities by combining the Mc-Gown's relation (73) 
between isothemial compressibility and surface tension and that of 
Auerbach's relation (74) between speed of sound and surface tension. 
Isothermal compressibilities have been widely evaluated by many 
workers (75-90) using hard spheres models for pure liquids and melts, 
and mixtures. Isothermal compressibilities and excess isothermal 
compressibilities have also been evaluated for organic solvent mixtures 
by using the Flory's statistical theory. The excess isothermal 
compressibility values have been discussed in terms of intermolecular 
interactions operative between the components of mixture (66). Partial 
molar isothermal compressibilities have been determined for aqueous 
solutions of amino acids, amino acid derivatives, peptides and protein 
(70,71,91,92). Isothermal compressibilities of amino acids in aqueous 
urea and sodium dodecyl sulphate solutions by employing the Pandey and 
Vyas relation (72) have been determined in our laboratory earlier (55,62). 
Apparent molar isothermal compressibilities using ultrasonic velocity and 
density data have been determined for aqueous solutions of nucleic bases 
(93). The isothermal compressibilities for binary liquid mixtures have 
been determined experimentally as well as predicted theoretically by a 
number of methods and the experimental results have compared with 
those of predicted values. The theory based on an equation of state for a 
mixture of hard convex particle, where allowance can be made for the 
shape of the molecules has been found to most appropriate. It is observed 
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that the form of attractive potential has little influence on the predicted 
compressibility values (94). The isothermal compressibilities for the 
ionic liquid l-n-butyl-3-methylimidazolium hexafluorophosphate (95) 
and liquid chloroform using a 'five site model' has also been computed 
by employing the Monte carlo simulation method (96). 
The role of internal pressure in liquid solution thermodynamics 
was recognized many years ago by Hildebrand (97) following earlier 
work by Van Laar (98). The parameter has been used to study the 
intermolecular interactions qualitatively in liquid systems. Barton 
(99,100) explored the usefulness of the parameter for studying the 
intermolecular forces quantitatively. It has been found that a comparison 
of the internal pressure values of individual liquid components with that 
of mixture enables one to predict interactions in the mixture (101). Using 
the density and ultrasonic velocity data, the internal pressure values has 
been computed for pure liquids, mixtures of organic solvents, electrolytes 
and in aqueous and mixed aqueous media (65,102-107); and amino acids 
in aqueous urea and aqueous sodium dodecyl sulphate solutions (55,62). 
The data have been discussed in terms of intermolecular / interionic 
interactions between solute and solvent. Palepu and Macdonald (108) 
determined the internal pressure values for sodium and potassium halide 
in aqueous xylose solution. They discussed the results in terms of 
structure-making and structure-breaking properties of the electrolytes. 
The computed internal pressure values for gallic acid in aqueous 
methanol and acetone solutions have been used to study the solute-
solvent interactions (54). The values of parameter have been also 
computed for pure liquids using a statistical mechanical equation of state 
and a close agreement between the computed and experimental values 
have been reported (109). Amoros et al (110) determined the internal 
pressure values for pure liquids and they concluded that the internal 
pressure and the cohesive energy density are both analogous 
manifestations of the cohesion property of liquids. 
The solubility parameter is the square root of the cohesive energy 
density value. The parameter has been extensively discussed in reviews 
presented by Barton (99,100). Solubility parameter values for pure 
organic liquids and mixtures (65,105,111,112); and for amino acids and 
electrolytes in mixed aqueous media (55,62) have been determined by a 
number of workers. The applications of solubility parameter and cohesive 
energy density data in industrial processes have been reported by a 
number of authors (113-117). Solubility parameter has played an 
important role in designing of pharmaceutical dosage of drug. Solubility 
parameter data has also well correlation with the permeability of drugs 
into body (118,119). In the integration of polymer production, processing 
and material development, the knowledge of thermodynamics of polymer 
systems is necessary. The successful application and perfomiance of a 
polymer material mainly requires the study of phase behaviour of it in 
various solvent systems. Solubility parameter has been quite helpful for 
understanding about the phase behaviour of polymeric systems containing 
many constituents, like those used in the paint industry (116). Solubility 
parameter has been found to be a very useful tool for assessing the 
selection of proper compounding ingredients (120) and solvents (121-
123) for polymeric substances and paints. 
The Pseudo-gruneisen parameter, a dimensionless constant, is 
governed by the molecular order and lattice behaviour of substances. A 
number of authors have evaluated the parameter for solids, pure liquids, 
liquid mixtures and aqueous systems (55,62,124-135). Martinez et al 
(136) computed the parameter value for carbonate ions in water and in ice 
VII at different temperatures by employing the Raman spectroscopy and 
appropriate equation of state. It has been observed that the pseudo-
gruneisen parameter of carbonate ion symmetric stretching mode is 
significantly smaller in liquid water than in crystalline carbonates. Lopes 
et al (127) discussed the relationship between the bulk pseudo-gruneisen 
parameter of liquids and the individual mode parameters, characterizing 
the volume dependence of hindered translational and rotational 
frequencies of the molecules in liquid phase, in terms of a cell model in 
the quasi-harmonic approximation. 
The volumetric properties that is apparent / partial molal volume 
values of a solute in solution have proven to be reflective of and sensitive 
of solute-solvent and solute-solute interactions. These properties 
represent useful observables for studying the hydration properties of bio-
molecules. Several authors have investigated the apparent / partial molal 
volume properties of amino acids, peptides (10,16,19,22,26,38,137-178) 
and proteins (181-186) in aqueous and mixed aqueous solutions. 
Apparent / partial molal volumes data for amino acids / peptides in 
aqueous electrolyte systems reflect the combined effect of various 
hydrophilic and hydrophobic interactions operative in these systems (22, 
158-178).' 
The microscopic interpretation of the measured volumetric 
properties in terms of protein hydration is usually performed in 
conjunction with structural data on the surface atomic groups (187-189). 
Unfortunately such structural data are not always available, especially for 
the denatured states of proteins, which include molten globule and 
unfolded states. Consequently, the microscopic interpretation of the 
volumetric properties of denatured protein states remains highly 
speculative and subjective in nature (190-194). This limitation is serious 
.0 
and prevents the data from being used with confidence for analysis of the 
hydration features of proteins as a function of their conformational states. 
' The partial specific volume of a protein is a characteristic 
parameter that has been used to elucidate several processes which depend 
on the protein conformation or during which the protein conformation 
changes, e.g., protein aggregation or polymerization (195-210), 
conformational transitions of proteins (195-200) and polypeptides (206), 
and antigen-antibody reactions (207). The changes in the partial specific 
volume of the macromolecules during such processes depend on the intra-
and intermolecular interactions as well as on the electrostriction of the 
solvent due to the charged moieties present in the macromolecule and on 
the charge-neutralization processes (207). However, due to the structural 
complexities, it is extremely difficult to separate the various contributions 
that give rise to the observed volume changes in macromolecular 
reactions. Volume changes in such reactions have been explained by 
using volume data on small model compounds such as amino acids and 
peptides (209-211). 
Apparent / partial molal isentropic compressibility values are 
particularly sensitive measure of hydration behaviour of a solute in 
aqueous and mixed aqueous solutions (212-246). The partial specific (or 
molar) compressibilities of proteins provide some insight into both the 
hydration properties (189,247) and the conformational transitions of 
globular proteins (191,192,248). There are three terms contributing to the 
overall partial compressibility of proteins in solution: (i) intrinsic, from 
the residue-residue interaction in the globule interior, (ii) relaxational, 
from the structural transformations accompanied from volume changes 
and (iii) hydrational, from surface atomic group-water interaction. Out of 
these, the hydrational part is the most important one and should be 
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quantitatively investigated. A complete understanding of the hydrational 
effects of a protein surface in compressibility cannot be achieved without 
information on the contribution of protein atomic groups to hydrational 
compressibility and alterations of these contributions induced by the 
surrounding surface atoms of the protein. Amino acids and peptides are 
the most convenient low molecular weight substances for the analysis of 
atomic contributions to the hydrational term of the partial compressibility 
of proteins because they represent the most simple models, which contain 
all the atomic groups characteristic of proteins (15). 
(I 
Viscometric studies are useful for studying the transport properties 
of liquids. Viscosity is a measure of the resistance of a fluid to flow. The 
two primary factors that affect the viscosity of a liquid or solution at a 
given temperature are the molecular structure of the liquid or solution 
components and the intermolecular / interionic forces operating within 
the liquid or solution. Molecules with long chains and structures that 
allow entanglement with adjacent molecules will slow the progress or 
flow of liquid. The viscosity and its derived parameters such as relative 
viscosity, specific viscosity and intrinsic viscosity have been used to 
study the shape and size of the macromoiecules, and the intermolecular / 
interionic interactions in solutions (33,180,249-254). The specific 
viscosity data are also used to calculate the hydrodynamic volume of 
solute. The specific viscosity depends on concentration whereas the 
intrinsic viscosity is independent of concentration and characteristic of 
the solute alone (255). The solute-solvent interactions and the extent of 
solute hydration can also be studied in terms of B-coefficient of Jones-
Dole equation (256). The B-coefficient is a measure of effective 
solvodynamic volume of solvated ions and is governed by the size and 
shape effects of solute and the structural effect induced by the solute-
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solvent interactions (257-279). The effect of solute size on the B-
coefficient is apparent from solvodynamic theories applicable to particles 
in a tluid continuum. In these theories, the increase in viscosity due to the 
presence of the particles arises from the fact that they lie across the fluid 
streamlines and are subject to torsional forces. They tend to rotate, and 
thus absorb energy, this energy absorption corresponding to an increased 
viscosity for the solution. A 'structure-building' solute lowers the average 
effective kinetic energy of the solvent molecules and thus increases the 
viscosity of the solution, and leads to a high B-coefficient. Because of the 
exponential relationship between viscosity and temperature (280), a rise 
in temperature of the solution as a whole causes B-coefficient to fall, this 
fall being greater at low than at high temperatures. Such behaviour has 
been used to identify 'structure-forming' solutes (281). Conversely, 
'structure-breaking' solutes should have rather low B-coefficients, which 
V 
increase with temperature (275,281). 
In the case of electrolytes, the B-coefficient is a measure of the 
order or disorder introduced by ions into their co-spheres (282). A 
positive B-coefficient indicates that the ions tend to order the solvent 
structure and increase the viscosity of the solution, whereas a negative B-
coefficient indicates disordering and a decrease of viscosity. The 
partitioning of the B-coefficient into their ionic components was first 
proposed by Cox and Woefenden (283) and it was re-examined by 
Gurney (284) and Kaminsky (285). 
An 'exhaustive' literature survey reveals that a number of 
thermodynamic properties of amino acids and peptides have been studied 
in aqueous medium but few authors have attempted to investigate the 
behaviour of these model compounds of proteins in aqueous electrolyte 
solutions. Consequently, with a view to understanding the 
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thermodynamic behaviour of amino acids: L-leucine and L-asparagine, 
and di-peptide: glycylglycine in 1.5M aqueous solutions of NaCl, NaNOa 
and KNO3, the density, ultrasonic velocity and viscosity as functions of 
concentration and temperature (298.15-323.15K) have been measured. By 
employing the measured data, the isentropic compressibility, change and 
relative change in isentropic compressibility, specific acoustic 
impedance, relative association, isothermal compressibility, internal 
pressure, solubility parameters, pseudo-gruneisen parameters, apparent / 
partial molal volume, apparent / partial moial isentropic compressibility, 
relative viscosity, specific viscosity and B-coefficients have been 
evaluated. These parameters have been discussed in terms of solute-solute 
and solute-solvent intermolecular / interionic interactions. It is expected 
that this study will be helpful in understanding the thermodynamic 
behaviour of proteins in their native as well as in denatured states. 
EXPERIMENTAL 
MATERIALS AND SAMPLE PREPARATION 
The amino acids: L-leucine, and L-asparagine hydrate and di-
peptide: glycylglycine used in this work were obtained from SRL 
(Mumbai). The salts namely, sodium chloride, sodium nitrate and 
potassium nitrate were purchased from E. Merck (India). All the 
chemicals were of >99% purity. The amino acids and di-peptide were 
used as such without further purification. They were dried at ~110°C and 
kept in vacuum desiccator over P2O5 for several hours before use. The 
salts were recrystallized twice in triply distilled water, dried in a vacuum 
oven and then kept over P2O5 in a vacuum desiccator at room temperature 
for a minimum of 24 hours. All the solutions were made by weight using 
a balance having an accuracy of ±0.1 mg. Stock solutions of 1.5 M 
concentration of NaCl, NaNOs and KNO3 prepared in triply distilled 
water and used as solvents for the preparation of solutions. Various molal 
solutions of amino acids and di-peptide were prepared in 1.5 M aqueous 
solutions of NaCl, NaNOs and KNO3. 
TEMPERATURE CONTROL 
A thermostated paraffin bath was used to maintain the desired 
temperature during the measurements of density and viscosity. The bath 
was made up of an immersion heater (1.5 KW), a stirrer, a check 
thermometer (Labotherm-N., German make), a contact thermometer and 
a relay [Jumo type, NT 15.0, 220 V = lOA (German make)]. Thermal 
stability of the thermostat was found to be within ± 0.1°. 
DENSITY MEASUREMENT 
Pyknometer consisting of a small bulb with flat bottom of 
approximately 8.5 ml capacity having a graduated stem was used for the 
density measurements. The volume at each mark of the pyknometer was 
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calibrated with the triple distilled water. The densities of pure water at 
various required temperatures were taken from literature for calibration 
purpose (286). In order to check the reproducibility of calibration, the 
same process was repeated a number of times with different amounts of 
water. The reproducibility of density values was found to be within 
±0.0002 gm/cm''. The test solution was introduced into the calibrated 
pyknometer, weighed and then it was immersed in the paraffin bath. By 
recording the volume changes as a function of temperature, the densities 
of solutions were determined at required temperatures. 
VISCOSITY MEASUREMENT 
Cannon-Fenske viscometer was used for the viscosity measurement 
of various solutions under study. The viscometer consists of three parallel 
amis with a common base. The viscometer was calibrated with the triple 
distilled water. The viscosity coefficient values of water at different 
temperatures were taken from literature (287). The clean and dry 
viscometer was filled with test solution and was clamped in the 
themiostated bath in a vertical position. In order to avoid the absorption 
of moisture by solution, the open ends of the three arms of viscometer 
were attached with the anhydrous calcium chloride glass tubes through 
rubber tubes. The solution was sucked into the measuring bulb and was 
allowed to stand there for about two minutes by closing the calcium 
chloride tubes with rubber corks and then the corks were removed for 
recoding the time of fall of solution from the upper to lower end of the 
bulb. After taking several readings at the desired temperature the average 
of the very close values of time of fall was taken. 
The viscosity coefficient (ri) was calculated employing the 
following Poiseuille's equation, 
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ri = TTgh ptrV8vl [1] 
where g, h, p, r, 1 and t are acceleration due to gravity, height of the 
column in the viscometer, density of the liquid, radius of the viscometer's 
capillary, length and time of fall for the liquid of volume v through the 
capillary, respectively. The above equation can also be written as 
ri = p(3t [2] 
where P = TcghrVSvI is a constant for a given viscometer. The viscosity 
value of the test solution was calculated using the reported viscosity 
values of pure water at various temperatures. Equation [3] was employed 
for the calculation of viscosity values of solutions. 
r|i=(piti/p2t2)xri2 [3] 
where rji and ri2 are viscosity values of solution and solvent, respectively ; 
PI and p2 are density values of solution and solvent, respectively; and ti 
and t2 are the time of fall of the solution and solvent, respectively. The 
reproducibility in viscosity measurements was found to be within 
± 0.003x10-^ Nm'^s. 
ULTRASONIC VELOCITY MEASUREMENT 
An ultrasonic interferometer (Mittal's model: M-77, India) was 
used for the measurement of ultrasound velocity at a frequency of 4 MHz 
in the temperature range: 298.15 - 323.15 K. Water from ultra-thermostat 
(Type U-10) was circulated through the brass jacket surrounding the cell 
and the quartz crystal. The jacket was well insulated and the temperature 
of the solution under study was maintained to an accuracy of ±0.1°. The 
instrument was calibrated with the triple distilled water. The ultrasonic 
velocity values of water at different temperatures were taken from 
literature for calibration purpose (288). 
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WORKING PRINCIPLE 
An ultrasonic interferometer is a simple and direct device to 
determine the ultrasonic velocity in liquids with a high degree of 
accuracy. The principle used in the measurement of velocity (u) is based 
on the accurate determination of the wavelength (A,) in the medium. 
Ultrasonic waves of known frequency (f) are produced by a quartz plate 
fixed at the bottom of the cell. A movable metallic plate kept parallel to 
the quartz plate reflects these waves. If the separation between these two 
plates is exactly a whole multiple of the ultrasound wavelength, standing 
waves are formed in the medium. This acoustic resonance gives rise to an 
electrical reaction on the generator driving the quartz plate and the anode 
current of the generator becomes maximum. If the distance is now 
increased or decreased and the variation is exactly one half wavelength 
(X/2) or multiple of it, the anode current again becomes maximum. The 
velocity can be obtained by using the relation, 
u = X X f [4] 
DESCRIPTION 
The ultrasonic interferometer consists of two parts (i) the high 
frequency generator and (ii) the measuring cell. The "high frequency 
generator" is designed to excite the quartz plate fixed at the bottom of the 
measuring cell and its resonant frequency to generate ultrasonic waves in 
the liquid filled in the "measuring cell". A micrometer to observe the 
change in current and two controls for the purpose of sensitivity 
regulation and initial adjustments of micrometer are provided on the 
panel of the high frequency generator. The "measuring cell" is a specially 
designed double walled cell for maintaining a constant temperature of the 
liquid during experiment. A fine micrometer screw has been provided at 
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the top, which can lower or raise the reflector plate in the liquid in the cell 
through a known distance. It has quartz plate fixed at its bottom. 
Instrument was adjusted in the following manner: 
(i) The cell was inserted in the square base socket and clamped to it 
with the help of a screw provided on one of its sides. 
(ii) The curled cap of the cell was unscrewed and removed from the 
double walled construction of the cell. In the middle portion of it 
the experimental liquid was poured and screwed the curled cap. 
(iii) Water was circulated through the two chutes in the double wall 
construction in order to maintain the desired temperature. 
(iv) The cell was connected with the high frequency generator by a co-
axial cable provided with the instrument. 
For the initial adjustment, two knobs are provided on high 
frequency generator, one is marked with 'Adj' and the other with 'Gain'. 
With knob marked 'Adj' the position of needle on the ammeter was 
adjusted and the knob marked 'Gain' was used to increase the sensitivity 
of the instrument for greater deflection. The ammeter was used to record 
the maximum deflections by adjusting the micrometer. 
MEASUREMENTS 
The measuring cell was connected to the output terminal of the high 
frequency generator through a shielded cable. The cell was filled with the 
liquid before switching on the generator. The ultrasonic waves of 4 MHz 
frequency produced by a gold plated quartz crystal fixed at the bottom of 
a cell are passed through the medium. A movable plate reflects the waves 
and the standing waves are formed in the liquid in between the reflector 
plate and the quartz crystal. Acoustic resonance due to these standing 
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waves gives rise to an electrical reaction to the generator driving the 
quartz plate and the anode current of the generator becomes maximum. 
The micrometer screw was raised slowly to record the maximum anode 
current. The wavelength was determined with the help of a total distance 
moved by the micrometer for twenty maximum readings of the anode 
current. The total distance (d) gives the value of wavelength with the help 
of the relation, d = n x A,/2, where n is the maximum number of readings. 
Using the wavelength, the ultrasound velocity in the liquid was obtained 
with the help of Equation [4]. The reproducibility in velocity 
measurement was found to be within ± 0.5 ms''. 
PRECAUTIONS 
1. The generator was switched on after filling the cell by the 
experimental liquid. 
2. The experimental liquid was removed from the cell after use, 
3. The micrometer was kept open at 25 mm after use. 
4. The sudden rise or fall in the temperature of circulated liquid was 
avoided to prevent thermal shock to the quartz crystal. 
5. While cleaning the cell, care was taken not to spoil or scratch the 
gold plating on the quartz crystal. 
6. The generator was given 15 minutes warming up time before 
observation. 
CHAPTER! 
ULTRASONIC VELOCITY AND INTERMOLECULAR / 
INTERIONIC INTERACTIONS OF L-LEUCINE, L-
ASPARAGINE AND GLYCYLGLYCINE IN AQUEOUS 
ELECTROLYTE SOLUTIONS 
INTRODUCTION 
Ultrasonic velocity studies of amino acids (33,229-234), peptides 
(17,34,230,231,249) and proteins (192,224,226,250) in aqueous medium, 
aqueous urea solutions, mixed aqueous solutions and organic solvents 
have been carried out by a number of researchers for investigating the 
solute-solute, solute-solvent and solvent-solvent intermolecular / 
interionic interactions. However, few authors (33,34,231,232,249) have 
studied the behaviour of amino acids and peptides in aqueous electrolyte 
solutions. 
Depending upon the nature of intermolecular / interionic 
interactions between solute and solvent, the ultrasonic velocity varies 
with temperature and concentration in aqueous solutions. All pure liquids 
except water and heavy water are found to have negative temperature 
coefficient of sound velocity. Randall (289) found that water has a large 
positive coefficient of sound velocity at room temperature. The 
temperature coefficient of sound velocity of water decreases to zero at 
74°C and then becomes negative as for ordinaiy liquids. However, the 
temperature coefficient of isentropic compressibility of water becomes 
zero at 64°C (50). The peculiar structure of water seems to be responsible 
for this anomalous behaviour. 'According to the two-state model (290), 
liquid water consists of two species: a non-associated, close-packing-state 
water and a bulky, associated state or cluster. According to the molecular 
view of the acoustic compression of water, compression of the former 
state is attributed to the compression of the free space among non-
associated water molecules, while the compressibility of latter part 
mainly results from the breaking of the hydrogen bonds and accordingly 
the partial destruction of the associated bulky structure. The amount of 
?1 
the cluster part of water decreases with increasing temperature, resulting 
in a decrease of the structural part of the compressibility, while an 
increase in molecular distance with temperature rise accompanies an 
increase in ordinary compressibility. These opposing effects make the 
compressibility curve a minimum at an intermediate temperature or the 
maximum of the sound velocity at a slightly different temperature. 
The derived parameters of ultrasonic velocity (u) such as isentropic 
compressibility (KJ), change (AKJ) and relative change (AKS/KQ) in 
isentropic compressibility, specific acoustic impedance (Z), and relative 
association (RA) data impart interesting information about the various 
interactions operative in solutions. 
In this chapter, the density and ultrasonic velocity values for 
ternary systems (amino acid / di-peptide + salt + water): L-leucine / L-
asparagine / glycylglycine + (1.5M) NaCl / NaNOs / KNO3 +water as 
functions of concentration of amino acid / di-peptide and temperature 
have been measured. Using the u and p data, the KS, AKS, AKS/KQ, Z and RA 
values have been computed. 
RESULTS AND DISCUSSION 
The experimentally measured density values (p) for L-leucine, L-
asparagine and glycylglycine in 1.5M aqueous solutions of NaCl, NaNOs 
and KNO3 as functions of concentration and temperature have been listed 
in Table 1.1. A close examination of the table reveals that the density 
values of all solutions under investigation show the usual increasing trend 
with increase in solute concentration and decreasing trend with 
temperature. The plots of density versus concentration are shown in Figs. 
1.1-1.9. All the systems seem to exhibit almost linear behaviour in 
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Table 1.1: Density values (p/10^ kg m'^ ') as functions of concentration 
and temperature 
(i) L-leucine in aqueous NaCI solution 
Concentration/ Temperature/ K 
mol leg"' 
298.15 303.15 308.15 313.15 318.15 323.15 
0.0000 1.0588 1.0561 1.0538 1.0514 1.0488 1.0462 
0.0189 1.0591 1.0563 1.0540 1.0516 1.0490 1.0463 
0.0379 1.0594 1.0566 1.0543 1.0518 1.0492 1.0465 
0.0570 1.0598 1.0570 1.0547 1.0522 1.0496 1.0470 
0.0762 1.0601 1.0575 1.0551 1.0526 1.0501 1.0475 
0.0955 1.0604 1.0579 1.0555 1.0530 1.0505 1.0479 
0.1148 1.0607 1.0584 1.0559 1.0535 1.0509 1.0484 
(ii) L-leucine in aqueous NaNOj solution 
Concentration/ Temperature/ K 
mol kg'' 
298.15 303.15 308.15 313.15 318.15 323.15 
0.0000 1.0791 1.0765 1.0735 1.0703 1.0670 1.0637 
0.0186 1.0792 1.0767 1.0737 1.0706 1.0675 1.0642 
0.0372 1.0797 1.0769 1.0739 1.0709 1.0678 1.0647 
0.0560 1.0801 1.0774 1.0745 1.0716 1.0686 1.0655 
0.0748 1.0806 1.0779 1.0750 1.0723 1.0693 1.0663 
0.0936 1.0811 1.0783 1.0756 1.0730 1.0700 1.0671 
0.1126 1.0815 1.0788 1.0762 1.0737 1.0708 1.0679 
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(iii) L-leucine in aqueous KNO3 solution 
Concentration/ Temperature/ K 
mol kg"' 
298.15 303.15 308.15 313.15 318.15 323.15 
0.0000 1.0869 1.0850 1.0830 1.0806 1.0779 1.0750 
0.0184 1.0872 1.0852 1.0831 1.0807 1.0780 1.0751 
0.0370 1.0875 1.0854 1.0832 1.0808 1.0781 1.0752 
0.0556 1.0876 1.0856 1.0833 1.0810 1.0782 1.0753 
0.0742 1.0881 1.0859 1.0836 1.0812 1.0785 1.0755 
0.0930 1.0885 1.0863 1.0840 1.0816 1.0789 1.0759 
0.1118 1.0891 1.0871 1.0849 1.0824 1.0798 1.0768 









































































(v) L-asparagine in aqueous NaNOs solution 
Concentration/ Temperature/ K 
mol kg"' 
298.15 303.15 308.15 313.15 318.15 323.15 
0.0000 1.0791 1.0765 1.0735 1.0703 1.0670 1.0637 
0.0186 1.0799 1.0772 1.0742 1.0710 1.0678 1.0647 
0.0372 1.0809 1.0781 1.0751 1.0719 1.0688 1.0656 
0.0559 1.0819 1.0790 1.0760 1.0728 1.0698 1.0666 
0.0747 1.0829 1.0799 1.0769 1.0737 1.0708 1.0676 
0.0936 1.0839 1.0809 1.0778 1.0746 1.0717 1.0685 
0.1125 1.0849 1.0818 1.0787 1.0755 1.0727 1.0695 
0.1315 1.0859 1.0827 1.0796 1.0764 1.0737 1.0704 
0.1505 1.0869 1.0836 1.0805 1.0773 1.0746 1.0714 
(vi) L-asparagine in aqueous KNO3 solution 
Concentration/ Temperature/ K 
mol kg'' 
298.15 303.15 308.15 313.15 318.15 323.15 
0.0000 1.0869 1.0850 1.0830 1.0806 1.0779 1.0750 
0.0184 1.0872 1.0853 1.0832 1.0810 1.0784 1.0757 
0.0369 1.0887 1.0866 1.0845 1.0821 1.0795 1.0769 
0.0555 1.0902 1.0879 1.0857 1.0833 1.0806 1.0781 
0.0741 1.0916 1.0893 1.0870 1.0844 1.0816 1.0793 
0.0928 1.0931 1.0907 1.0883 1.0856 1.0827 1.0805 
0.1115 1.0946 1.0920 1.0896 1.0867 1.0838 1.0817 
0.1302 1.0961 1.0934 1.0908 1.0878 1.0847 1.0829 
0.1490 1.0975 1.0947 1.0921 1.0890 1.0860 1.0841 
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(vii) glycyiglycine in aqueous NaCl solution 
Concentration/ Temperature/ K 
-1 
mol kg" 
298.15 303.15 308.15 313.15 318.15 323.15 
0.0000 1.0588 1.0561 1.0538 1.0514 1.0488 1.0462 
0.0189 1.0597 1.0572 1.0549 1.0524 1.0498 1.0468 
0.0379 1.0605 1.0581 1.0558 1.0533 1.0505 1.0475 
0.0570 1.0612 1.0589 1.0566 1.0541 1.0513 1.0482 
0.0761 1.0620 1.0598 1.0576 1.0549 1.0521 1.0489 
0.0953 1.0627 1.0606 1.0583 1.0557 1.0528 1.0496 
0.1145 1.0635 1.0615 1.0592 1.0566 1.0536 1.0503 
0.1339 1.0642 1.0624 1.0600 1.0574 1.0544 1.0510 
0.1533 1.0650 1.0632 1.0609 1.0582 1.0552 1.0517 
(viii) glycyiglycine in aqueous NaNOj solution 
Concentration/ Temperature/ K 
mol kg"' 
298.15 303.15 308.15 313.15 318.15 323.15 
0.0000 1.0791 1.0765 1.0735 1.0703 1.0670 1.0637 
0.0186 1.0804 1.0778 1.0749 1.0718 1.0680 1.0651 
0.0372 1.0810 1.0784 1.0755 1.0724 1.0692 1.0657 
0.0559 1.0817 1.0790 1.0760 1.0730 1.0698 1.0664 
0.0746 1.0823 1.0796 1.0766 1.0735 1.0704 1.0670 
0.0935 1.0830 1.0802 1.0772 1.0741 1.0710 1.0677 
0.1124 1.0836 1.0808 1.0777 1.0747 1.0716 1.0683 
0.1314 1.0843 1.0814 1.0783 1.0753 1.0722 1.0689 
0.1504 1.0849 1.0820 1.0789 1.0759 1.0729 1.0696 
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(ix) glycylglycine in aqueous KNO3 solution 
Concentration/ Temperature/ K 
mol kg'' 
298.15 303.15 308.15 313.15 318.15 323.15 
0.0000 1.0869 1.0850 1.0830 1.0806 1.0779 1.0750 
0.0184 1.0883 1.0859 1.0837 1.0811 1.0782 1.0751 
0.0369 1.0888 1.0863 1.0840 1.0815 1.0785 1.0754 
0.0555 1.0893 1.0867 1.0844 1.0818 1.0788 1.0757 
0.0741 1.0899 1.0871 1.0848 1.0822 1.0792 1.0760 
0.0928 1.0904 1.0872 1.0851 1.0825 1.0795 1.0764 
0.1116 1.0909 1.0878 1.0855 1.0828 1.0798 1.0767 
0.1305 1.0914 1.0882 1.0858 1.0832 1.0802 1.0770 








0.00 0.04 0.08 
-1^ 
0.12 
Molality (mol kg' ) 
Fig 1.1: plots of density versus concentration of L-leucine 
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Fig 1.2: plots of density versus concentration of L-leucine 
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Fig 1.3: plots of density versus concentration of L-leucine 
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Fig 1.4: plots of density versus concentration of L-asparagine 
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Fig 1.5: plots of density versus concentration of L-asparagine 
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Fig 1.6: plots of density versus concentration of L-asparagine 
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Fig 1.7: plots of density versus concentration of glycylglycine 
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Fig 1.8: plots of density versus concentration of glycylglycine 
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Fig 1.9: plots of density versus concentration of glycylglycine 
in aqueous KNO3 solution. 
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variation of density with concentration at a constant temperature. The 
measured densities of solutions have been least-squares fitted to the 
following second order polynomial equations, 
p = po + pim + p2m^ [1.1] 
P = PO + P ,T + P2T' [1.2] 
where po, Pi, p2; m and T are the fitted coefficients, molal concentration 
and temperature, respectively. The least-squares fitted coefficients of the 
above polynomials along with the standard deviations are listed in Tables 
1.2 and 1.3, respectively. 
The measured ultrasonic velocity values for the L-leucine, L-
asparagine and glycylglycine in the said aqueous electrolytic solutions are 
given in Table 1.4. These values have been least-squares fitted to the 
following second order polynomial equation, 
u = Uo + Uim + U2m [1.3] 
where UQ, U|. and U2 are the fitted coefficients, and m is the molality of the 
amino acids / di-peptide. The fitted coefficients alongwith standard 
deviations are listed in Table 1.5. The ultrasonic velocity values increase 
with increase in concentration of amino acids / di-peptide as well as with 
temperature in all the systems under investigation (Table 1.4). The plots 
of u versus m have been given in Figs 1.10-1.18. The ultrasonic velocity 
values vary almost linearly with increase in concentration for all the 
systems. This increase in ultrasonic velocity values in aqueous amino 
acids / di-peptide-electrolyte solutions may be attributed to the overall 
increase of cohesion brought about by the solute-solute, solute-solvent 
and solvent-solvent interactions in solutions. Amino acids and di-peptide 
in aqueous solutions essentially behave as zwitterions having Nli,'^ and 
33 
Table 1.2: Least-squares fit coefficients of the density equation, 
p = Po + pim + p2m as a function of temperature 


















































































































































































































































































































































































Table 1.3: Least-squares fit coefficients of the density equation, 
p = po + PiT + P2T as a function of concentration 





















































































































































































































































































































































































































(ix) glycylglycine in aqueous KNO3 solution 
Concentration/ po/gcm'"* pi/lO'"* p2/10"'^  atpixlO"* 
m o l k g ' ' -3 T^-I -3 rr-2 
^ gem K gem K 
0.0000 0.6918 29.8610 -55.7143 0.5 
0.0184 0.8109 22.7185 -45.0000 1.1 
0.0369 0.8478 20.4310 -41.4286 1.4 
0.0555 0.8851 18.1321 -37.8571 1.4 
0.0741 0.9226 15.8274 -34.2857 2.0 
0.0928 1.0209 9.5687 -24.2857 1.9 
0.1116 1.0645 6.8431 -20.0000 2.4 
0.1305 1.0940 5.0166 -17.1429 2.7 
1.1494 1.1667 0.4701 -10.0000 3.0 
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Table 1.4: Ultrasonic velocity values (u/ ms') as functions of 
concentration and temperature 




















































































































































































































































































































































(vii) giycylglycine in aqueous NaCI solution 
Concentration/ Temperature/ K 
• 1 
mol kg' 
298.15 303.15 308.15 313.15 318.15 323.15 
0.0000 1581.6 1589.6 1598.0 1606.0 
0.0189 1586.8 1594.6 1602.2 1609.4 
0.0379 1589.4 1597.4 1605.4 1612.0 
0.0570 1590.8 1599.2 1607.2 1613.6 
0.0761 1592.0 1600.0 1608.0 1614.4 
0.0953 1593.8 1601.6 1610.4 1615.2 
0.1145 1595.8 1602.8 1611.6 1616.8 
0.1339 1597.6 1604.0 1612.8 1617.6 
0.1533 1598.4 1605.6 1614.4 1618.8 



















Concentration/ Temperature/ K 
mol kg 1 
298.15 303.15 308.15 313.15 318.15 323.15 
0.0000 1560.8 1568.4 1571.6 1576.4 1583.2 1588.4 
0.0186 1561.6 1570.0 1574.0 1578.4 1584.4 1588.8 
0.0372 1562.8 1571.2 1576.4 1580.6 1586.2 1590.0 
0.0559 1564.8 1573.2 1577.6 1582.0 1587.6 1592.4 
0.0746 1566.8 1574.8 1579.4 1584.0 1589.2 1594.4 
0.0935 1568.0 1576.0 1581.2 1585.6 1590.6 1595.2 
0.1124 1569.6 1576.8 1582.8 1588.0 1593.2 1597.2 
0.1314 1570.8 1579.2 1585.6 1589.2 1594.0 1598.0 
0.1504 1572.4 1580.8 1587.2 1590.8 1595.2 1599.2 
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(ix) glycylglycine in aqueous KNO3 solution 
Concentration/ Temperature/ K 
mol kg"' 
298.15 303.15 308.15 313.15 318.15 323.15 
0.0000 1546.0 1556.0 1560.4 1565.2 1570.8 1575.6 
0.0184 1549.6 1556.8 1561.6 1566.8 1572.0 1576.8 
0.0369 1551.0 1558.0 1563.2 1568.4 1573.2 1578.0 
0.0555 1552.4 1558.8 1564.4 1569.6 1574.4 1578.4 
0.0741 1553.6 1559.6 1565.6 1570.8 1575.6 1579.6 
0.0928 1555.2 1560.8 1566.8 1572.4 1576.8 1581.2 
0.1116 1556.0 1561.6 1567.8 1573.6 1577.6 1582.0 
0.1305 1558.0 1562.8 1569.6 1574.4 1578.4 1583.4 
0.1494 1559.6 1562.2 1570.8 1576.4 1580.0 1584.4 
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Table 1.5: Least-squares fit coefficients of the ultrasonic velocity 
equafion, u = UQ + Ui m + U2 m as a fiinction of temperature 




































































(iii) L-leucine in aqueous KNO3 solution 
















































































































































































(viii) glycylglycine in aqueous NaNOs solution 
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Fig. 1.10: plots of ultrasonic velocity versus concentration 
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Fig.l.ll: plots of ultrasonic velocity versus concentration 
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Fig. 1.12: plots of ultrasonic velocity versus concentration 
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Fig. 1.13: plots of ultrasonic velocity versus concentration 
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Fig. 1.14: plots of ultrasonic velocity versus concentration 
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Fig. 1.15: plots of ultrasonic velocity versus concentration 
of L-asparagine in aqueous KNO3 solution. 
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Fig. 1.16: plots of ultrasonic velocity versus concentration 
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Fig.1.17: plots of ultrasonic velocity versus concentration 
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Fig. 1.18: plots of ultrasonic velocity versus concentration 
of glycylglycine in aqueous KNO3 solution. 
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+ Tr + COO' groups at two ends of the molecule. The Na , K , CI" and NO3" ions 
furnished by electrolytes interact electrostatically with NHt^ and COO" 
groups of amino acids and di-peptide zwitterions. Moreover, the water 
dipoles are strongly aligned to the cations / anions as well as to the amino 
acids / di-peptide zwitterions by electrostatic forces. These interactions 
comprehensively introduce the cohesion into solutions under 
investigation. The cohesive forces further enhanced with increase of 
solute concentration in solutions. Moreover, the added amount of amino 
acids / di-peptide may occupy the cavities of water which may lead to the 
formation of denser structure of the aqueous electrolyte solution (291). 
This process may have continued until a concentration is reached at 
which all cavities are filled. Hirata and Arakawa (292), Magazu et al. 
(293), Rohman and Mahiuddin (294), and Ragouvamane et al. (51) 
reported the similar increasing trend of variation of ultrasonic velocity 
with increase in solute concentration. The increase in ultrasonic velocity 
with temperature may be attributed to the fomiation of more associated 
clusters of water. The rise in temperature breaks the hydrogen bonding in 
water and forms smaller aggregates. These smaller aggregates may have 
numerous cavities in which other species (non-hydrogen-bonded water 
molecules / solute molecules) (295) may be accommodated forming 
compact clusters. Such clusters seem to be quite stable against thermal 
agitation in the temperature range of study. 
The isentropic compressibility of the amino acids and di-peptide in 
aqueous electrolyte solutions have been calculated from the ultrasonic 
velocity and density data using the Laplace expression (216), 
1 
The Ks values as functions of concentration and tei^ratu4:ej)aye.^:^eei 
•'I 
listed in Table 1.6. The isentropic compressibility valuesoceipeSs^^ith 
increase in the concentration of solutes as well as with temperature (Figs. 
1.19-1.27). This trend of variation of KS is in consonance with the 
variation of u with concentration and temperature. The decrease in Kg 
values with increase in concentration of L-leucine, L-asparagine and 
glycylglycine in 1.5M aqueous solutions of NaCl, NaN03 and KNO3 may 
be due to (i) an increase in the number of incompressible molecules / 
zwitterions in solutions and (ii) the formation of compact structure of 
zwitterions-water dipole and zwitterions-ions structures in solutions. The 
decrease in isentropic compressibility values with increase in temperature 
in all systems under study may be mainly due to the formation of smaller 
compact aggregates of hydrogen-bonded water molecules leading to 
enhanced cohesion in solutions. 
The isentropic compressibility values of the said 1.5M aqueous 
electrolyte solutions vary in the following order: 
NaCl < NaNOs < KNO3. 
This trend of variation of Kg may be explained in terms of the structure-
making behaviour of ions. The Na^ is more structure-making ion than K"^  
due to its smaller size in comparison to K .^ Similarly, the smaller size CI' 
than that of NO3" makes the CI" more structure-making ion than N03"ion. 
Owing to this, the aqueous NaCl solution becomes least compressesible 
whereas the aqueous KNO3 solution becomes most compressible. 
The change in isentropic compressibility values (52) have been 
obtained by using the following equation, 
AKS = Ko-Ks = A + Bm [1.5] 
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Table 1.6: Isentropic compressibility values (KS/10'" m^N'') as functions 
of concentration and temperature 













































































































































































































































































































































































































































































































(ix) glycyiglycine in aqueous KNO3 solution 
Concentration/ Temperature/ K 
mol kg"' 
298.15 303.15 308.15 313.15 318.15 323.15 
0.0000 38.49 38.07 37.92 37.77 37.60 37.47 
0.0184 38.27 38.00 37.84 37.68 37.53 37.41 
0.0369 38.18 37.92 37.75 37.59 37.46 37.34 
0.0555 38.09 37.87 37.68 37.52 37.40 37.31 
0.0741 38.01 37.82 37.61 37.45 37.23 37.25 
0.0928 37.92 37.75 37.54 37.36 37.26 37.16 
0.1116 37.86 37.70 37.48 37.30 37.21 37.11 
0.1305 37.75 37.63 37.38 37.24 37.16 37.03 
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Fig.1.19: Plots of isentropic compressibility versus concentration 
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Fig. 1.20: Plots of isentropic compressibility versus concentration 
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Fig. 1.21: Plots of isentropic compressibility versus concentration 
of L-leucine in aqueous KNO3 solution. 
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Fig. 1.22: Plots of isentropic compressibility versus concentration 
of L-asparagine in aqueous NaCl solution. 
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Fig.1.23: Plots of isentropic compressibility versus concentration 
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Fig. 1.24: Plots of isentropic compressibility versus concentration 









0.00 0.04 0.08 0.12 0.16 
-i> Molality (mol kg') 
Fig.1.25: Plots of isentropic compressibility versus concentration 
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Fig. 1.26: Plots of isentropic compressibility versus concentration 
of glycylglycine in aqueous NaNOs solution. 
65 
'Sc' S o 






T T T 
0.04 0.08 0.12 
Molality (mol kg"') 
0.16 
Fig. 1.27: Plots of isentropic compressibility versus concentration 
of glycylglycine in aqueous KNO3 solution. 
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in which A is the intercept while B is the slope value of AKS versus m 
plot; while KQ and KS are the isentropic compressibilities of solvent and 
solution, respectively. The AKS values, listed in Table 1.7, show an 
increasing trend of variation with increase in concentration of amino 
acids / di-peptide. The trend of variation of AKJ with temperature is 
irregular. The values of AKS versus m have been plotted in Figs, 1.28-
1.36. These plots exhibit apparently linear behviour of variation of AKS 
with solute concentration. A close observation of plots indicate that the 
intercept values for all the systems except those for L-leucine in aqueous 
NaCl at 303.15K, L-leucine in aqueous KNO3 at 323.15K, glycylglycine 
in aqueous NaCl at 298.15 and 323.15K, and glycylglycine in aqueous 
KNO3 at 298.15K are zero or close to zero. The deviation of intercept 
values from zero in these systems may be due to strong solute-solute and 
solute-solvent intermolecular / interionic interactions. 
Using the KQ and KS values, the incompressible part of a solution 
(296) can be determined by the expressions, 
Ks = Ko - aKo 
a = ( K O - K S ) / K O = AKS/KO 
AKs/Ko = A' + B'm [1.6] 
where a represents the relative change in isentropic compressibility. A' 
and B' stand for the intercept and slope values of (AKS / KQ) versus m plot, 
respectively. The calculated values of (AKS / KQ) have been presented in 
Table 1.8. These values have been found to increase with increase in 
solute concentration whereas irregular trend of variation has been 
observed with temperature in all systems under investigation. The 
representative trends of variation of (AKS/KQ) values with concentration of 
67 
Tablel.7: Change in isentropic compressibility values (AKS/10''^ m^N'') 
as functions of concentration and temperature 






















































































































































































































































































































































































































































(ix) glycylglycine in aqueous KNO3 solution 
Concentration/ Temperature/ K 
mol kg 1 
298.15 303.15 308.15 313.15 318.15 323.15 
0.0184 2.279 0.706 0.827 0.946 0.678 0.605 
0.0369 3.145 1.431 1.706 1.853 1.355 1.278 
0.0555 4.009 1.960 2.424 2.532 2.030 1.571 
0.0741 4.806 2.487 3.140 3.243 2.738 2.242 
0.0928 5.762 3.208 3.820 4.108 3.409 3.133 
0.1116 6.325 3.698 4.437 4.781 3.890 3.613 
0.1305 7.470 4.415 5.399 5.298 4.405 4.372 
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Fig.1.28: Plots of change in isentropic compressibility versus 
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Fig. 1.29: Plots of change in isentropic compressibility versus 
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Fig. 1.30: Plots of change in isentropic compressibility versus 
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Fig. 1.31: Plots of change in isentropic compressibility versus 
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Fig. 1.32: Plots of change in isentropic compressibility versus 
concentration of L-asparagine in aqueous NaN03 solution. 
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Fig.1.33: Plots of change in isentropic compressibility versus 
concentration of L-asparagine in aqueous KNO3 solution. 
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Fig. 1.34: Plots of change in isentropic compressibility versus 
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Fig. 1.35: Plots of change in isentropic compressibility versus 
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Fig. 1.36: Plots of change in isentropic compressibility versus 
concentration of glycylglycine in aqueous KNO3 solution. 
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Tablel.8: Relative change in isentropic compressitiility (AK, 
functions of concentration and temperature 

























































































(iii) L-leucine in aqueous KNO3 solution 
Concentration/ 












































(iv) L-asparagine in aqueous NaCl solution 
Concentration/ 
-1 mol kg" 
303.15 
Temperature/ K 








































































































































































































































































































(ix) glycylglycine in aqueous KNO3 solution 
Concentration/ Temperature/ K 
mol kg"' 
298.15 303.15 308.15 313.15 318.15 323.15 
0.0184 0.59 0.19 0.22 0.25 0.18 0.16 
0.0369 0.82 0.38 0.45 0.49 0.36 0.34 
0.0555 1.04 0.51 0.64 0.67 0.54 0.42 
0.0741 1.25 0.65 0.83 0.86 0.73 0.60 
0.0928 1.50 0.84 1.01 1.09 0.91 0.84 
0.1116 1.64 0.97 1.17 1.27 1.03 0.96 
0.1305 1.94 1.16 1.42 1.40 1.17 1.17 
0.1494 2.14 1.50 1.61 1.68 1.40 1.32 
82 
amino acids / di-peptide in aqueous electrolyte solutions are displayed in 
Figs. 1.37-1.45 at 298.15 or 303.15K and 323.15 K. The increase in 
(AKS/KO) values with increase in solute concentration may be attributed to 
an increase in the incompressible part in a solution. The variation of the 
relative change in isentropic compressibility with temperature may be 
attributed to thermal rupture of water structure. On close observation of 
plots it is found that the intercept values in all the systems except those in 
L-leucine in aqueous NaCl at 303.15, L-leucine in aqueous KNO3 at 
323.15K, glycylglycine in aqueous NaCl at 298.15K and glycylglycine in 
aqueous KNO3 at 298.15 are zero or close to zero. The deviation of 
intercept values from zero in these systems is in consonance with the 
deviation of intercept for the plots of AKS versus m (Figs. 1.28-1.36). Such 
a behaviour lend support to the strong solute-solute and solute-solvent 
intermolecular / iinterionic interactions in these systems. 
The specific acoustic impedance is the product of density and 
ultrasonic velocity of solvent / solution and can be expressed as 
Zo=PoUo [1.7] 
Z = pu. [1.8] 
The calculated values of the specific acoustic impedance are given in 
Table 1.9. These values increase with increase in the concentration of 
solutes as well as temperature in all systems under investigation 
(Fig. 1.46-1.54). The trends of variation of Z with solute concentration 
and temperature are similar to those exhibited by the variation of 
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Fig. 1.37: Plots of AKS/KQ versus concentration of L-leucine 
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Fig. 1.38: Plots of AKS/KQ versus concentration of L-leucine 
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Fig. 1.39: Plots of AK/KO versus concentration of L-leucine 
in aqueous KNO3 solution. 
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Fig. 1.40: Plots of AKS/KQ versus concentration of L-asparagine 
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Fig. 1.41: Plots of AKS/KO versus concentration of L-asparagine 
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Fig.1.42: Plots of AKS/KQ versus concentration of L-asparagine 
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Fig. 1.43: Plots of AKS/KQ versus concentration of glycylglycine 
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Fig. 1.44: Plots of AKS/KQ versus concentration of glycylglycine 






T T T 
0.00 0.04 0.08 0.12 
Molality (mol kg'^) 
0.16 
Fig. 1.45: Plots of AKS/KQ versus concentration of glycylglycine 
in aqueous KNO3 solution. 
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Tablel.9: Specific acoustic impedance values (Z/10" kg m' s") as 
functions of concentration and temperature 






































































































































































































































































































































































































































































































(ix) glycylglycine in aqueous KNO3 solution 
Concentration/ Temperature/ K 
mol kg"' 
298.15 303.15 308.15 313.15 318.15 323.15 
0.0000 1684.4 1688.3 1689.9 1691.4 1693.2 1693.8 
0.0184 1686.4 1690.5 1692.3 1693.9 1694.9 1695.2 
0.0369 1688.7 1692.5 1694.5 1696.2 1696.7 1697.0 
0.0555 1691.0 1694.0 1696.4 1698.0 1698.5 1697.9 
0.0741 1693.3 1695.4 1698.4 1699.9 1700.4 1699.7 
0.0928 1695.8 1697.4 1700.1 1702.1 1702.2 1702.0 
0.1116 1697.4 1698.7 1701.9 1703.9 1703.5 1703.3 
0.1305 1700.4 1700.6 1704.3 1705.4 1705.0 1705.3 
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Fig. 1.46: Plots of specific acoustic impedance versus concentration 
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Fig. 1.47: Plots of specific acoustic impedance versus concentration 
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Fig. 1.48: Plots of specific acoustic impedance versus concentration 






















0.00 0.04 0.08 0.12 
Molality (mol kg'') 
0.16 
Fig. 1.49: Plots of specific acoustic impedance versus concentration 
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Fig. 1.50: Plots of specific acoustic impedance versus concentration 
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Fig. 1.51: Plots of specific acoustic impedance versus concentration 
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Fig. 1.52: Plots of specific acoustic impedance versus concentration 
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Fig. 1.53: Plots of specific acoustic impedance versus concentration 
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Fig. 1.54: Plots of specific acoustic impedance versus concentration 
of glycylglycine in aqueous KNO3 solution. 
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Relative association parameter has been calculated using the 
following expression (297): 
[1.9] R A = ^ Po v u ; 
where p and po are the densities of the solution and solvent, respectively, 
while u and UQ are their ultrasonic velocities. Relative association values 
are listed in Table 1.10. The RA values show an increasing trend of 
variation with increase in concentration of amino acids / di-peptide in 
aqueous electrolyte solutions. A close observation of Table 1.10 shows 
that the magnitude of RA values is either one or close to one. This 
indicates that the systems under investigation are essentially ideal in' 
nature. However, the variation in RA values with temperature is 
insignificantly small over the temperature range of 298.15 - 323.15 K. 
Consequently, the variation in temperature over the said range do not 
seem to affect the nature of intermolecular / interionic interactions 
operative in solutions significantly. 
99 
Table 1.10: Relative association (RA) as functions of concentration and 
temperature 


















































































































































































































































































































(vii) giycylglycine in aqueous NaCI solution 
Concentration/ Temperature/ K 
mol kg"' 
298.15 303.15 308.15 313.15 318.15 323.15 
0.0189 0.9998 1.0000 1.0002 1.0002 1.0005 0.9997 
0.0379 1.0000 1.0003 1.0004 1.0006 1.0007 1.0000 
0.0570 1.0003 1.0006 1.0007 I.OOIO 1.0012 1.0006 
0.0761 1.0008 1.0013 1.0014 1.0016 1.0017 1.0011 
0.0953 1.0011 1.0017 1.0017 1.0022 1.0022 1.0015 
0.1145 1.0015 1.0023 1.0023 1.0027 1.0026 1.0019 
0.1339 1.0017 1.0029 1.0028 1.0033 1.0033 1.0021 
0.1533 1.0023 1.0034 1.0033 1.0038 1.0039 1.0026 
(viii) giycylglycine in aqueous NaNOa solution 
Concentration/ Temperature/ K 
mol kg"' 
298.15 303.15 308.15 313.15 318.15 323.15 
0.0186 1.0010 1.0009 1.0008 1.0010 1.0007 1.0012 
0.0372 1.0013 1.0012 1.0008 1.0012 1.0014 1.0015 
0.0559 1.0016 1.0013 1.0011 1.0013 1.0017 1.0017 
0.0746 1.0017 1.0015 1.0012 1.0014 1.0019 1.0018 
0.0935 1.0021 1.0018 1.0014 1.0016 1.0022 1.0023 
0.1124 1.0023 1.0022 1.0015 1.0017 1.0022 1.0025 
0.1314 1.0027 1.0023 1.0015 1.0020 1.0026 1.0029 
0.1504 1.0029 1.0025 1.0017 1.0022 1.0030 1.0033 
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(ix) glycylglycine in aqueous KNO3 solution 
Concentration/ Temperature/ K 
mol kg"' 
298.15 303.15 308.15 313.15 318.15 323.15 
0.0184 1.0005 1.0007 1.0004 1.0001 1.0000 0.9998 
0.0369 1.0007 1.0008 1.0003 1.0002 1.0000 0.9999 
0.0555 1.0008 1.0010 1.0004 1.0002 1.0001 1.0001 
0.0741 1.0011 1.0012 1.0006 1.0003 1.0002 1.0001 
0.0928 1.0012 1.0013 1.0006 1.0002 1.0002 1.0001 
0.1116 1.0015 1.0014 1.0007 1.0003 1.0003 1.0002 
0.1305 1.0016 1.0015 1.0006 1.0005 1.0005 1.0002 
0.1494 1.0012 1.0013 1.0007 1.0003 1.0005 1.0003 
CHAPTER-II 
ISOTHERMAL COMPRESSIBILITIES, INTERNAL 
PRESSURES, SOLUBILITY PARAMETERS AND PSEUDO-
GRUNEISEN PARAMETERS OF L-LEUCINE, L-
ASPARAGINE AND GLYCYLGLYCINE IN AQUEOUS 
ELECTROLYTE SOLUTIONS 
INTRODUCTION 
A number of thermodynamic properties can be derived from the 
ultrasonic velocity data in order to understand the intermolecular / inter-
ionic interactions in solutions. Among these properties isothermal 
compressibility is one of the important properties of liquids. The 
isothermal compressibility is a sensitive measure of solute-solvent 
interactions and as such, can be used to monitor solute hydration in an 
aqueous solution (68,69). However, it is not an easy task to determine 
isothermal compressibilities directly (69) but, through ultrasonic velocity, 
density and heat capacity at constant pressure measurements, it can be 
determined indirectly (70,71). Pandey and vyas (72) and McGowan (73) 
have proposed indirect methods to determine isothermal compressibility 
value using the ultrasonic velocity and density data. Isothermal 
compressibility (KJ) has been widely evaluated by many workers (75-82) 
using several equations of state for pure liquids. A literature survey 
reveals that few attempts (65,66,90,298-300) have been made to evaluate 
KT for binary liquid mixtures. A number of authors (70,92,217,301,302) 
have determined the isothermal compressibility values for aqueous 
solutions of amino acids, peptides and proteins. These data have been 
discussed in terms of intermolecular / interionic interactions operative in 
the systems. 
Internal pressure has been found to be an important parameter in 
the theory of liquid state. Internal pressure, a fundamental property of the 
liquid state has been studied initially by Hildebrand et al. (303,304) and 
subsequently by several workers (99,106,305-309). Internal pressure is a 
measure of the totality of forces, dispersion, repulsion, ionic and dipolar 
interactions that contribute to the overall cohesion of a liquid system. It 
105 
has been used to investigate intermolecular interactions (105,308-311) in 
binary liquid mixtures. Dunlop et al. (312) determined the internal 
pressure of different liquid mixtures and compared it with their cohesive 
energy density values. Stavely et al. (101) predicted interactions in liquid 
mixtures by comparing the internal pressure data to those of pure liquid 
components. Suryanarayana (307) suggested an indirect method of 
evaluating internal pressure using the viscosity, density and ultrasonic 
velocity data. This approach has been extensively used for studying the 
internal pressure of pure liquids, binary liquid mixtures and solutions of 
electrolytes and non-electrolytes (311). Pandey et al. (107) extended the 
method for estimating the internal pressure of ternary and quaternary 
liquid systems. 
Solubility parameter has been found to be useful for assessing the 
compressibilities of various substances and it has served as an efficient 
guide in the selection of proper compounding ingredients (120) and 
solvents for polymeric substances (121) and paints (122). The solubility 
parameter is a measure of the square root of the cohesive energy density 
of a system. The Pseudo-Gruneisen parameter has been extensively used 
in recent years by a number of researchers. It is an important parameter 
for the study of thermodynamics of many systems (124-135). 
In this chapter, an attempt has been made to evaluate the isothermal 
compressibility (KJ), internal pressure (Pj), solubility parameter (5) and 
Pseudo-Gruneisen parameter (F) by using the measured ultrasonic 
velocity and density data. The computed values have been used to study 
the intermolecular / interionic interactions in the systems under 
investigation. 
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RESULTS AND DISCUSSION 
The isothermal compressibility values for amino acids and di-
peptide in aqueous electrolyte solutions have been evaluated using the 
McGowan's expression (73), 
KT = 1 . 3 3 X 1 0 - V (6.4X10-^ U^^^P)^^^ [2.1] 
where u and p represent the experimental ultrasonic velocity and density, 
respectively. Replacing the arbitrary constant in the denominator of 
equation [2.1] by a temperature term, Pandey and Vyas (72) suggested a 
relation for the calculation of isothermal compressibility, which can be 
written as 
K T = 1 7 . 1 X 1 0 - V T ' ' ' U ' P ' ' ' [2.2] 
The KT values, obtained by using the McGowan, and Pandey and vyas's 
relations have been listed in Table 2.1. The isothermal compressibility 
values have been plotted as a function of solute concentration at constant 
temperature as shown in Figs. 2.1-2.9. It has been observed that the 
isothermal compressibility values decrease with increase in concentration 
of amino acids and di-peptide in electrolyte solutions. KT values also 
depend on temperature and show a decreasing trend with increase in 
temperature. These trends of variation of KT values are similar to those of 
the variation of isentropic compressibility values. The decrease in KJ 
values with increase in concentration seems to be the result of a 
corresponding decrease in free volume and the average kinetic energy of 
constituents of the solution, whereas the decrease in KJ values with 
increase in temperature may be attributed to the formation of more 
incompressible hydrated entities in systems. The KT values obtained from 
equation [2.1] have been further used for evaluating the internal pressure, 
solubility parameter and specific heat ratio. 
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Table 2.1: Isothermal compressibility values (KJ/IO"'^ m^N"') as 
functions of concentration and temperature 
(i) L-leucine in aqueous NaCl solution 
Concentration/ Temperature/ K 
mol kg"' 
303.15 308.15 313.15 318.15 323.15 
0.0000 47.44 47.03 46.67 46.45 46.41 
(49.62) (48.91) (48.22) (47.69) (47.33) 
0.0189 47.34 46.86 46.57 46.38 46.25 
(49.34) (48.75) (48.14) (47.63) (47.18) 
0.0379 46.85 46.66 46.48 46.28 46.14 
(49.09) (48.56) (48.06) (47.53) (47.09) 
0.057 46.60 46.45 46.24 46.11 45.98 
(48.86) (48.37) (47.85) (47.38) (46.93) 
0.0762 46.38 46.24 46.15 45.93 45.76 
(48.66) (48.17) (47.74) (47.21) (46.74) 
0.0955 46.16 46.06 45.99 45.81 45.59 
(48.45) (48.01) (47.60) (47.10) (46.58) 
0.1148 45.93 45.88 45.79 45.64 45.43 
(48.24) . (47.84) (47.42) (46.95) (46.43) 
Kj values obtained using equation [2.2] are listed in parentheses. 
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(ii) L-leucine in aqueous NaNOj solution 
Concentration/ Temperature/ K 
mol kg'' 
303.15 308.15 313.15 318.15 323.15 
0.0000 47.51 47.49 47.38 47.14 47.01 
(49.71) (49.33) (48.88) (48.32) (47.87) 
0.0186 47.40 47.37 47.18 46.99 46.83 
(49.61) (49.22) 948.70) (48.18) (48.70) 
0.0372 47.27 47.22 47.02 46.85 46.73 
(49.48) (49.08) (48.54) (48.05) (47.61) 
0.056 47.06 46.99 46.84 46.67 46.57 
(49.29) (48.87) (48.38) (47.89) (47.47) 
0.0748 46.85 46.79 46.60 46.54 46.44 
(49.10) (48.68) (48.17) (47.77) (47.35) 
0.0936 46.64 46.59 46.43 46.35 46.27 
(48.90) (48.50) (48.00) (47.59) (47.20) 
0.1126 . 46.42 46.38 46.21 46.15 46.09 
(48.69) (48.30) (47.81) (47.41) (47.03) 
KT values obtained using equation [2.2] are listed in parentheses. 
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(iii) L-leucine in aqueous KNO3 solution 
Concentration/ Temperature/ K 
mol kg"' 
303.15 308.15 313.15 318.15 323.15 
0.0000 47.80 47.63 47.46 47.25 47.12 
(49.98) (49.46) (48.95) (48.42) (47.97) 
0.0184 47.68 47.46 47.29 47.11 46.91 
(49.86) (49.30) (48.79) (48.29) (47.78) 
0.0370 47.47 47.30 47.13 46.93 46.71 
(49.67) (49.16) (48.65) (48.13) (47.59) 
0.0556 47.25 47.12 46.93 46.75 46.54 
(49.47) (48.99) (48.47) (47.96) (47.44) 
0.0742 47.02 46.88 46.72 46.55 46.36 
(49.27) (48.77) (48.27) (47.76) (47.27) 
0.0930 46.83 46.72 46.50 46.36 46.19 
(49.07) (48.62) (48.07) (47.61) (47.12) 
0.1118 46.60 46.52 46.29 46.16 46.02 
(48.86) (48.43) (47.88) (47.42) (46.97) 
KT values obtained using equation [2.2] are listed in parentheses. 
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KT values obtained using equation [2.2] are listed in parentheses. 
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KT values obtained using equation [2.2] are listed in parentheses. 
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KT values obtained using equation [2.2] are listed in parentheses. 
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(vii) glycylglycine in aqueous NaCI solution 
Concentration/ Temperature/ K 
mol kg"' 
298.15 303.15 308.15 313.15 318.15 323.15 
0.0000 47.80 47.44 47.03 46.67 46.45 46.41 
(50.35) (49.62) (48.91) (48.22) (47.69) (47.33) 
0.0189 47.38 47.03 46.68 46.38 46.23 46.12 
(49.96) (49.270 (48.58) (47.96) (47.48) (47.06) 
0.0379 47.16 46.79 46.41 46.15 46.04 45.96 
(49.75) (49.04) (48.34) (47.75) (47.31) (46.91) 
0.0570 47.02 46.61 46.24 46.00 45.92 45.86 
(49.62) (48.88) (48.18) (47.61) (47.21) (46.82) 
0.0761 46.88 46.50 46.13 45.89 45.77 45.76 
(49.49) (48.77) (48.08) (47.51) (47.07) (46.71) 
0.0953 46.72 46.35 45.93 45.79 45.67 45.64 
(49.34) (48.63) (47.89) (47.42) (46.98) (46.62) 
0.1145 46.53 46.21 45.79 45.63 45.52 45.51 
(49.16) (48.50) (47.76) (47.27) (46.84) (46.50) 
0.1339 46.37 46.07 45.66 45.53 45.44 45.34 
(49.01) (48.37) (47.64) (47.14) (46.77) (46.35) 
0.1533 46.27 45.92 45.50 45.40 45.32 45.24 
(48.91) (48.23) (47.49) (47.06) (46.66) (46.26) 
KT values obtained using equation [2.2] are listed in parentheses. 
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(viii) glycylglycine in aqueous NaNOa solution 
Concentration/ Temperature/ K 
mol kg"' 
298.15 303.15 308.15 313.15 318.15 323.15 
0.0000 47.86 47.51 47.49 47.38 47.14 47.01 
(50.40) (49.71) (49.33) (48.88) (48.32) (47.87) 
0.0186 47.72 47.32 47.24 47.14 46.99 46.89 
(50.27) (49.53) (49.10) (48.66) (48.18) (47.76) 
0.0372 47.59 47.19 47.03 46.96 46.79 46.77 
(50.16) (49.42) (48.91) 948.49) (48.00) (47.65) 
0.0559 47.41 47.02 46.92 46.82 46.66 46.57 
(49.99) (49.25) (48.81) (48.36) (47.88) (47.47) 
0.0746 47.24 46.87 46.76 46.66 46.52 46.40 
(49.82) (49.12) (48.66) (48.22) (47.75) (47.31) 
0.0935 47.11 46.75 46.60 46.51 46.39 46.30 
(49.70) (49.01) (48.51) (48.08) (47.63) (47.22) 
0.1124 46.96 46.66 46.47 46.32 46.18 46.13 
(49.57) (48.92) (48.38) (47.90) (47.44) (47.07) 
0.1314 46.84 46.46 46.24 46.20 46.09 46.04 
(49.45) (48.74) (48.18) (47.79) (47.36) (46.99) 
0.1504 46.69 46.32 46.10 46.06 45.96 45.92 
(49.31) (48.60) (48.04) (47.66) (47.24) (46.87) 
KT values obtained using equation [2.2] are listed in parentheses. 
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(ix) glycylglycine in aqueous KNO3 solution 
Concentration/ Temperature/ K 
mol kg"' 
298.15 303.15 308.15 313.15 318.15 323.15 
0.0000 48.37 47.80 47^63 47.46 47.25 47.12 
(50.88) (49.98) (49.46) (48.95) (48.42) (47.97) 
0.0184 48.02 47.68 47.50 47.32 47.15 47.03 
(50.56) (49.87) (49.34) (48.82) (48.33) (47.89) 
0.0369 47.89 47.58 47.37 47.18 47.05 46.93 
(50.44) (49.77) (49.22) (48.70) (48.24 (47.80) 
0.0555 47.76 47.49 47.26 47.08 46.95 46.89 
(50.32) (49.69) (49.12) (48.60) (48.15) (47.75) 
0.0741 47.64 47.41 47.15 46.97 46.85 46.79 
(50.20) (49.62) (49.02) (48.51) (48.05) (47.66) 
0.0928 47.50 47.30 47.05 46.85 46.75 46.66 
(50.07) (49.52) (48.93) (48.39) (47.96) (47.54) 
0.1116 47.41 47.23 46.96 46.75 46.67 46.58 
(49.99) (49.45) (48.84) (48.30) (47.89) (47.48) 
0.1305 47.24 47.12 46.82 46.67 46.59 46.47 
(49.83) (49.35) (48.71) (48.22) (47.82) (47.38) 
0.1494 47.09 46.94 46.71 46.51 46.47 46.39 
(49.69) (49.17) (48.61) (48.08) (47.71) (47.30) 
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Fig.2.1: plots of isothermal compressibility versus concentration 
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Fig.2.2: plots of isothermal compressibility versus concentration 
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Fig.2.3: Plots of isothermal compressibility versus concentration 
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Fig.2.4: Plots of isothermal compressibihty versus concentration 
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Fig.2.5: Plots of isothermal compressibility versus concentration 
of L-asparagine in aqueous NaN03 solution. 
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Fig.2.6: Plots of isothermal compressibility versus concentration 
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Fig.2.7: Plots of isothermal compressibility versus concentration 
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Fig.2.8: Plots of isothermal compressibility versus concentration 










^.^^ , • 303.15K 
^ \ . ^ ^ ^ 308.15K 
^ - ^ ^ ^ • 313.15K 
- - ^ ^ ^ ^ ^ . - ^ . ^ • 318.15K 
--.^^^V^--*^^^^ ^ ^ ^ " ^ ^ ^ ^ 323.15K 
"^si^i^is^ ^^ ^^ ^^ 5 
^•==sa»5. 
1 ' 1 • 1 • 1 • 1 
0.00 0.04 0.08 0.12 
Molality (mol kg'*) 
0.16 
Fig.2.9: Plots of isothermal compressibility versus concentration 
of glycylglycine in aqueous KNO3 solution. 
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Internal pressure can be computed from the well-known relation: 
^.= f-^ [2.3] 
where P is the external pressure at a given temperature. P value is 
negligible in comparison to Pi value and therefore the term P can be 
ignored. The above relation may be written as 
Pi = — [2.4] 
A. y 
where a, the coefficient of thermal expansion, is calculated using the 
following equation (313) 
a =-l/p(ap/aT)p [2.5] 
The terms used in the above equations have their usual meaning. The 
calculated values of a have been recorded in Table Al of the appendix. 
The calculated values of internal pressure have been listed in Table 2.2. 
Figs.2.i0-2.18, which display the variation of Pj values with solute 
concentration at a constant temperature, show that the internal pressure 
values increase with increase in concentration of amino acids and di-
peptide. P, values also increase with increase in temperature for all the 
systems. The trend of variation of the internal pressure with increase in 
concentration may be attributed to the increase of cohesive forces in 
systems, while the increase in internal pressure with increase in 
temperature may be probably due to a decrease in the repulsive forces 
among the components of the systems. 
The solubility parameter has been defined as the square root of the 
cohesive energy density of the internal pressure, and is given by the 
relation (105) 
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Table 2.2: Internal Pressure values (P/IO Nm") as functions of 
concentration and temperature 




















































































































































































































































































































































(vii) glycylglycine in aqueous NaCl solution 
Concentration/ 















































































































































(ix) glycylglycine in aqueous KNO3 solution 
Concentration/ Temperature/ K 
mol kg'' 
298.15 303.15 308.15 313.15 318.15 323.15 
0.0000 2.609 2.689 2.748 2.809 2.873 2.935 
0.0184 2.966 3.044 3.113 3.183 3.254 3.323 
0.0369 3.030 3.109 3.181 3.253 3.323 3.393 
0.0555 3.094 3.172 3.247 3.320 3.390 3.460 
0.0741 3.158 3.235 3.313 3.388 3.461 3.530 
0.0928 3.224 3.300 3.389 3.458 3.531 3.603 
0.1116 3.284 3.363 3.446 3.526 3.598 3.672 
0.1305 3.354 3.429 3.516 3.593 3.666 3.745 
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Fig.2.10: Plots of internal pressure versus concentration 
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Fig.2.11: Plots of internal pressure versus concentration 
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Fig.2.12: Plots of internal pressure versus concentration 
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Fig.2.13: Plots of internal pressure versus concentration 
of L-asparagine in aqueous NaCl solution. 
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Fig.2.14: Plots of internal pressure versus concentration 
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Fig.2.15: Plots of internal pressure versus concentration 
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Fig.2.16: Plots of internal pressure versus concentration 
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Fig.2.17: Plots of internal pressure versus concentration 
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Fig.2.18: Plots of internal pressure versus concentration 
of glycylglycine in aqueous KNO3 solution. 
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0 = — 
yKjj [2.6] 
The calculated values of solubility parameter for amino acids and di-
peptide are summarized in Table 2.3. An inspection of Table 2.3 reveals 
that the trends of variation of 5 with change in concentration of solute and 
temperature are similar to those of internal pressure, which may be 
envisaged from its defining relation. 
The Pseudo-Gruneisen parameter, which apparently measures the 
extent of molecular association, has been computed with the help of 
following expression, 
where a and T have their usual meaning and y, the specific heat ratio is 
expressed as follows (65), 
7 = C P / C V = KT/KS. [2.8] 
The calculated values of the specific heat ratio have been listed in Table 
A2 of the appendix. The computed values of F have been recorded in 
Table 2.4. The F values are negative in all systems and show regular 
increasing trend of variation with increases in solute concentration and 
temperature. The increase in F values with increase in solute 
concentration may be due to an overall increase in cohesiveness in the 
systems under investigation. The increase in F values with increase in 
temperature may be due . to the formation of smaller aggregates of 
hydrated zwitterions and hydrogen bonded water dipoles, which in turn, 
may decrease the thermal motion of molecules and enhance the molecular 
association. ^ , ^ 
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Table 2.3: Solubility parameter values, 5/10"^  (Nm"^)'^ as functions of 
concentration and temperature 
(i) L-leucine in aqueous NaCl solution 
Concentration/ 
mol kg -1 
303.15 
Temperature/ K 































































































































































































































































































































































































































































































(ix) glycylglycine in aqueous KNO3 solution 
Concentration/ Temperature/ K 
mol kg"' 
298.15 303.15 308.15 313.15 318.15 323.15 
0.0000 5.108 5.185 5.242 5.300 5.360 5.417 
0.0184 5.446 5.518 5.579 5.644 5.704 5.765 
0.0369 5.505 5.576 5.604 5.703 5.764 5.825 
0.0555 5.563 5.632 5.698 5.762 5.824 5.882 
0.0741 5.620 5.688 5.756 5.821 5.883 5.942 
0.0928 5.678 5.745 5.822 5.880 5.942 6.003 
0.1116 5.731 5.799 5.870 5.938 5.999 6.060 
0.1305 5.791 5.856 5.929 5.994 6.055 6.120 
0.1494 5.849 5.917 5.986 6.055 6.114 6.177 
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Table2.4: Pseudo-Gruneisen parameter values as functions of 
concentration and temperature 









































































































































































































































































































































































































































































































(ix) glycylglycine in aqueous KNO3 solution 
Concentration/ Temperature/ K 
mol kg"' 
298.15 303.15 308.15 313.15 318.15 323.15 
0.0000 -6.929 -6.804 -6.681 -6.559 -6.440 -6.322 
0.0184 -6.139 -6.024 -5.914 -5.805 -5.698 -5.594 
0.0369 -6.026 -5.913 -5.804 -5.698 -5.593 -5.490 
0.0555 -5.917 -5.806 -5.699 -5.595 -5.491 -5.390 
0.0741 -5.813 -5.703 -5.598 -5.495 -5.393 -5.294 
0.0928 -5.713 -5.603 -5.500 -5.399 -5.299 -5.201 
0.1116 -5.610 -5.507 -5.406 -5.306 -5.208 -5.112 
0.1305 -5.521 -5.414 -5.314 -5.217 -5.120 -5.025 
0.1494 -5.431 -5.325 -5.226 -5.130 -5.035 -4.942 
CHAPTER-III 
PARTIAL MOLAL VOLUMES AND PARTIAL MOLAL 
ISENTROPIC COMPRESSIBILITIES OF L-LEUCINE, L-
ASPARAGINE AND GLYCYLGLYCINE IN AQUEOUS 
ELECTROLYTE SOLUTIONS 
INTRODUCTION 
w vThe investigation on volumetric properties of proteins' model 
compounds such as amino acids and small peptides provide valuable 
information that ultimately leads to a better understanding of the 
behaviour of biological macromolecules or proteins (225,314,315). 
Amino acids and peptides are essentially zwitterions in aqueous solutions 
(316-318) and therefore their volume and compressibility properties 
should reflect structural interactions with solvent systems, j 
Partial molal volume is a thermodynamic quantity, which provides 
important information about solute-solvent interactions in a solution. 
Moreover, its temperature-dependence may be quite useful in 
characterizing the structural hydration effects, as the intrinsic volume of 
the solute is almost independent of temperature (92,143,319). Partial 
molal isentropic compressibility is another thermodynamic parameter for 
investigating the behaviour of solutes in solution. It is independent of 
solute-solute interactions and thus determined only by the respective 
intrinsic value and the solute-solvent interactions. 
A number of researchers have investigated the apparent / partial 
molal volumes; and apparent / partial molal isentropic compressibilities 
for amino acids and peptides in aqueous alkali metal halides (LiCl, NaCl, 
KCl, CsCl, KBr, KI) (22,33,34,160,175,230,236,240,241,320), alkaline 
earth metal chlorides (MgCb, CaClj, BaC^) (159,263,264), sodium 
sulphate (163,251,237), vanadyl sulphate (232), ammonium chloride 
(259), sodium acetate (162,163,265,321), sodium butyrate (262), sodium 
caprylate (266), potassium thiocyanate (261,322), and guanidine 
hydrochloride (260,323) solutions. 
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In this chapter, the studies of the apparent molal volumes (^y) and 
apparent molal isentropic compressibilities ((t)k), and their corresponding 
partial molal volumes (<j) ° ) and partial molal isentropic compressibilities 
((j) ° ) for L-leucine, L-asparagine and glycylglycine in aqueous solutions 
of 1.5M NaCl, NaNOs and KNO3 (used as solvents) have been focussed. 
RESULTS AND DISCUSSION 
The apparent molal volumes of amino acids and di-peptide in 
aqueous electrolyte solutions have been determined from the density 
values of solvent and solution employing the following equation, 
ry ~ [3 11 
where M and m are the molar mass and the molality of the amino acids / 
di-peptide, respectively; and p and po are the density of solution and 
solvent (aqueous electrolyte solution), respectively. The calculated 
apparent molal volumes as functions of concentration and temperature for 
the L-leucine, L-asparagine and glycylglycine in aqueous electrolyte 
solutions have been listed in Table 3.1. The apparent molal volume 
values have been found to vary linearly with molality of solution at a 
constant temperature and the values have been least-squares fitted to the 
following equation (61), 
(i)v = (t):+Svm [3.2] 
where (j) ° stands for the apparent molal volume at infinite dilution and is 
also known as the partial molal volume of solute. ({)" is a measure of the 
solute-solvent interactions whereas Sy, the corresponding experimental 
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Table 3.1: Apparent molal volume {^y/ 10"^  m'^  mol"') as functions of 
concentration and temperature 
(i) L-leucine in aqueous NaCl solution 
Concentration/ Temperature/ K 
mol kg"' 
298.15 303.15 308.15 313.15 318.15 323.15 
0.0189 109.70 114.70 114.93 115.17 115.43 120.54 
0.0379 109.71 112.33 112.55 115.17 115.44 118.12 
0.0570 108.14 109.96 110.17 111.99 112.23 112.48 
0.0762 108.54 107.60 108.99 110.39 109.43 109.66 
0.0955 108.79 107.13 108.28 109.44 108.72 108.95 
0.1148 108.94 106.02 107.80 108.00 108.23 107.65 
(ii) L-ieucine in aqueous NaNOj solution 
Concentration/ Temperature/ K 
mol kg"' 












































(iii) L-Ieucine in aqueous KNO3 solution 
Concentration/ Temperature/ K 
mol kg"' 
298.15 303.15 308.15 313.15 318.15 323.15 
0.0184 106.86 111.65 116.48 116.73 117.02 117.32 
0.0370 106.91 111.68 116.50 116.74 117.03 117.33 
0.0556 109.96 111.68 116.49 115.19 117.02 117.33 
0.0742 106.88 110.51 114.17 114.41 114.68 116.14 
0.0930 105.97 108.90 111.86 112.08 112.34 113.56 
0.1118 103.82 104.74 106.45 107.43 106.88 107.92 









































































































































































































































































































































(ix) glycylglycine in aqueous KNO3 solution 
Concentration/ Temperature/ K 
mol kg"' 
298.15 303.15 308.15 313.15 318.15 323.15 
0.0184 57.08 80.16 89.50 98.95 108.51 118.19 
0.0369 77.84 91.73 98.80 101.29 108.52 113.48 
0.0555 84.76 95.60 100.36 103.63 108.53 111.92 
0.0741 87.05 97.51 101.11 103.62 107.34 111.12 
0.0928 89.34 98.66 102.50 104.55 107.57 109.70 
0.1116 90.88 100.20 102.66 105.17 107.73 109.55 
0.1305 91.99 100.64 103.43 104.95 107.17 109.44 
0.1494 95.66 100.97 103.43 105.36 107.33 109.35 
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slope, is a measure of the solute-solute interactions in solutions. The 
(j) ° values have been obtained by linear fitting of (j)v values with m using 
the least-squares method at each temperature. Plots of ^y versus m in the 
temperature range of 298.15 to 323.15 K have been shown in Figs. 3.1 -
3.9. The <{)°and Sy values alongwith their standard deviations at 
temperatures: 298.15 - 323.15 K have been presented in Table 3.2. 
The observed partial molal volume values of L-leucine, L-
asparagine and glycylglycine in 1.5M aqueous solutions of NaCl, NaNOs 
and KNO3 have been compared to the available literature values of ^ ° in 
aqueous medium at 298.15 K. The literature data of (j)° for these solutes 
at other temperatures are not available. The reported values of (j)° for L-
leucine in aqueous medium at 298.15 K are 107.75 (138,265), 107.73 
(141), 107.77 (143), 107.72 (163), 107.59 (264), 107.96 (167), 107.74 
(214) and 107.83 (324) cmVmol whereas our observed values in 1.5M 
aqueous solutions of NaCl, NaNOs and KNO3 are 109.17, 109.71 and 
108.84 cmVmol, respectively. The reported value of (j)" for L-asparagine 
in aqueous medium at 298.15 K is 95.63 cmVmol (324) whereas the 
observed values in 1.5M aqueous solutions of NaCl, NaNOs and KNO3 
are 99.12, 97.66 and 98.11 cmVmol, respectively. The literature values of 
(j)° for the glycylglycine in water at 298.15 K are 76.27 (10), 76.63 (159), 
76.76 (212), 76.34 (257), 76.23 (324) and 77.2 (325) cmVmol. The 
observed values of (j)° for the glycylglycine in 1.5M aqueous solutions of 
NaCl, NaNOs and KNO3 at 298.15 K are 84.78, 77.31 and 77.56 
cmVmol, respectively. It is noteworthy that the values of (j) ° for the amino 
acids / di-peptide in aqueous electrolyte solutions are larger than that in 
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Fig.3.1: Plots of apparent molal volume versus concentration 
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Fig.3.2: Plots of apparent molal volume versus concentration 
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Fig.3.3: Plots of apparent molal volume versus concentration 
of L-leucine in aqueous KNO3 solution. 
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Fig.3.4: Plots of apparent molal volume versus concentration 
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Fig.3.5: Plots of apparent molal volume versus concentration 
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Fig.3.6: Plots of apparent molal volume versus concentration 
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Fig.3.7: Plots of apparent molal volume versus concentration 
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Fig.3.8: Plots of apparent molal volume versus concentration 
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Fig.3.9: Plots of apparent molal volume versus concentration 
of glycylglycine in aqueous KNO3 solution. 
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Table 3.2: Least-squares fit parameters of equation, (j)v = (t)°+ Sym at 
different temperatures 
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The partial molal volume of transfer (Atr(j)" ) of a solute from water 
to an aqueous electrolyte solution has been calculated using the following 
equation, 
Atr (() ° = (j) ° (in aqueous electrolyte solution) - (|) ° (in water) [3.3] 
The Atr (j) I for the solutes under investigation has been calculated at 
298.15K by taking the corresponding average of reported (()° values in 
water. The calculated AtrCJ)" values have been listed in Table 3.3. The Atr 
(|)° values for all the three solutes in 1.5M aqueous solutions of NaCl, 
NaNOs and KNO3 have been found to be positive. 
Franks et al. (326) have shown that the partial molal volume of a 
non-electrolyte is a combination of two factors, viz., the intrinsic volume 
of solute and the volume changes due to its interactions with solvent. The 
intrinsic volume has been considered to be made up of two types of 
contributions (327,328) 
'intrinsic ~ » vw ''" Vyoid l - ' -^J 
where Vvw is Van der Waals volume (329,330), and Vvoid is the volume 
associated with the voids or empty spaces present therein (331). 
Shahidi et al. (332) have modified the above equation in order to 
evaluate the contribution of a solute molecule towards its partial molal 
volume as, 
((>: = V,, + Vvoid-n as [3.5] 
where CTS is the shrinkage in volume produced by the interactions of 
hydrogen bonding groups present in the solute with water molecules and 
n is the potential number of hydrogen bonding sites in the molecule. For 
electrolytes and zwitterionic solutes, the shrinkage is caused by 
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Table 3.3: Partial molal volume of transfer (Atr(t)° ) of amino acids and 
di-peptide from water to aqueous electrolyte solutions 
Amino acids/ A,r(j)°/10'^ m^ mol"' 
di-peptide 
1.5M aq. NaCI 1.5M aq. NaNOa 1.5M aq. KNO3 
L-leucine 1.39 1.93 1.06 
L-asparagine 3.49 2.03 2.48 
glycylglycine 8.29 0.82 1.07 
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electrostriction and therefore the (j) ° of an amino acid / di-peptide can be 
evaluated by employing the relation, 
^ V ~ ^ v w + Vvoid - Vshrinkage . [ 3 .6 ] 
It may be assumed that Vyw and Vvoid have the same magnitude in water 
and in mixed solvent for the same class of compounds (327), Hence, the 
observed positive Atr (})° values of amino acids and di-peptide under 
investigation may be attributed to a decrease in the shrinkage volume in 
the presence of Na^ K^ CI" and NO3" ions of NaCl, NaNOs and KNO3 in 
aqueous solution. Because of the interactions of these ions and the 
zwitterionic centres of the amino acids and di-peptide, the electrostriction 
of the water molecules lying in the vicinity of the NH3^ and COO' centres 
of the amino acid and di-peptide would get reduced and would 
consequently lead to a positive volume contribution. 
The co-sphere overlap model, developed by Gurney (284), and 
Frank and Evans (333) can also be utilized to rationalize the \r^l values 
in terms of solute and co-solute interactions. According to this model, 
properties of water molecules in the hydration co-sphere depend on the 
nature of solute molecules. When two solute particles come close enough 
such that their co-spheres overlap, some of the co-sphere material is 
displaced and this is accompanied by changes in thermodynamic 
parameters. The following types of interactions are possible: (i) ion-
zwitterion interactions occurring between ion and zwitterionic centres of 
amino acid / di-peptide. (ii) ion- hydrophobic interactions occurring 
between ion and non-polar part of amino acid/ di-peptide. 
According to the co-sphere overlap model, overlapping between 
ion and zwitterion hydration spheres results in the positive volume of 
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transfer whereas the ion-hydrophobic interactions lead to a negative 
volume of transfer. Therefore, the observed positive Atr (j) ° obtained for 
the amino acids and di-peptide under investigations in aqueous electrolyte 
solutions suggest that the ion-zwitterion interactions are dominating over 
the ion-hydrophobic interactions. The overlapping between hydration 
spheres of ion and zwitterion having opposite charges would squeeze out 
water resulting in positive ^u^l values. 
The trend of variation of ^ ° values of amino acids and di-peptide, 
in an aqueous electrolyte solution that is in 1.5M aqueous solution of 
NaCl, NaNOa or KNO3 is found to be as follows: 
Glycylglycine < L-asparagine < L-leucine 
NH3^ O COO' NH3^ O NHB"^ CH3 
i 11 i I II I I 
CH2-C-NH-CH2 <CH-CH2-C-NH2 <CH-CH2 -CH-CH3 
i I 
COO- coo-
This trend of variation of ())° may be explained as follows: 
(a) L-leucine contains a structure making hydrophobic alkyl group. 
This hydrophobic group should exhibit a repulsive tendency towards 
water dipoles. L-asparagine and glycylglycine both contain hydrophilic 
amide and peptide groups, respectively. These hydrophilic groups are 
structure-breaking groups. The presence of hydrophobic group in L-




(b) Peptide group (-C-NH-) of glycylglycine seems more hydro-
O 
II 
philic in nature than amide group (-C-NH2) of L-asparagine due to the 
steric effect between -COO', NHs"*^  and amide groups of L-asparagine. 
Although the -CONH2 group of L-asparagine appears more hydrophilic 
in nature than that of -CONH-group of glycylglycine but the close 
proximity of COO", NHa"" and amide groups in L-asparagine may have 
made the glycylglycine more structure breaker than that of L-asparagine. 
This would cause the smaller value of (|)° for glycylglycine than L-
asparagine. 
An examination of Table 3.2 shows that the Sv values for L-leucine 
are negative in all three aqueous electrolyte systems at all temperatures. 
The values for L-asparagine are negative in 1.5M aqueous solutions of 
NaNOs and KNO3 systems whereas in 1.5M aqueous NaCl solutions the 
Sv values are negative between 298.15 K and 303.15 K and are positive 
from 308.15 K to 323.15 K. The Sv values for glycylglycine are positive 
in all solvent systems over complete range of temperature except in 1.5M 
aqueous KNO3 solvents at 318.15 K and 323.15 K. The negative Sv 
values represent weak solute-solute interactions whereas the positive 
results indicate strong solute-solute interactions in ternary systems under 
investigation. The negative values of Sv for L-leucine may be attributed to 
the hydrophobic-hydrophobic interactions due to alkyl group of L-
leucine. In glycylglycine the positive Sv values may be due to 
electrostatic interactions of zwitterions and -CONH group. The negative 
Sv values in L-asparagine may be due to the presence of hydrophobic 
methylene group. 
164 
The apparent molal isentropic compressibility values of amino 
acids and di-peptide in aqueous electrolyte solutions under investigation 
have been calculated from the density and the isentropic compressibility 
values of the solvents and solutions using the following equation, 
. _ M K S lOQO(KoP-KsPo) 
P nippo ^'-'^ 
where M and m are the molar mass and the molality of the amino acid / 
di-peptide, respectively, p, KS and po, KQ are the density and the isentropic 
compressibility of solution and solvent, respectively. The (j)k values of L-
leucine, L-asparagine and glycylglycine as functions of concentration and 
temperature are listed in Table 3.4. The (j)k values show a linear 
dependence with molality and the data have been least-squares fitted to 
the following equation (61), 
(j)k = (l)°+Skm [3.8] 
where (j)" is the apparent molal compressibility at infinite dilution and it is 
also referred to as partial molal isentropic compressibility. Sk is an 
experimental slope. The (()" and Sk values along with their standard 
deviations have been presented in Table 3.5. The plots of (t)k versus m 
have been depicted in Figs. 3.10 - 3.18. It has been observed that the 
apparent isentropic compressibility values for the said amino acids and 
di-peptide are negative in all aqueous electrolyte solutions. The values 
show irregular trend of variations with temperature as well as with 
concentration. The negative <j)k values exhibit strong interactions between 
the solute and solvent. The ion-zwitterion interactions seem stronger than 
ion-hydrophobic interactions in systems under investigation. 
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Table 3.4: Apparent molal isentropic compressibility (())k/10''° bar"'m''mor 
as functions of concentration and temperature 




















































































































































































































































































































































































































































(ix) glycylglycine in aqueous KNO3 solution 
Concentration/ Temperature/ K 
mol kg"' 
298.15 303.15 308.15 313.15 318.15 323.15 
0.0184 -92.13 -4.92 -7.64 -10.27 6.53 13.63 
0.0369 -48.70 -0.96 -5.39 -8.39 6.59 10.16 
0.0555 -34.16 3.66 -2.51 -3.33 6.66 15.42 
0.0741 -26.59 5.94 -1.10 -1.70 5.79 13.25 
0.0928 -23.25 5.38 0.47 -1.71 6.00 9.35 
0.1116 -17.74 7.23 1.77 -0.42 7.75 10.54 
0.1305 -17.94 6.69 0.47 1.52 8.51 9.37 
0.1494 -14.73 2.66 0.84 -0.17 7.13 9.66 
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Table3.5: Least-squares fit parameters of equation, (})k = (j)" + SkHi at 
different temperatures 
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(vii) glycylglycine in aqueous NaCl solution 
Temperature/ K ^l 110-'° 
bar"' m^  mor 
vlO Sk/10' 
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Fig.3.10: Plots of apparent molal isentropic compressibility versus 
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Fig.3.11: Plots of apparent molal isentropic compressibility versus 
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Fig.3.12: Plots of apparent molal isentropic compressibility versus 
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Fig.3.13: Plots of apparent molal isentropic compressibility versus 
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Fig.3.14: Plots of apparent molal isentropic compressibility versus 
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Fig.3.15: Plots of apparent molal isentropic compressibility versus 
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Fig.3.16: Plots of apparent molal isentropic compressibility versus 
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Fig.3.17: Plots of apparent molal isentropic compressibility versus 
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Fig.3.18: plots of apparent molal isentropic compressibility versus 
concentration of glycylglycine in aqueous KNO3 solution. 
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A close examination of Table 3.5 shows that all the (|)° values are 
negative, which indicate strong solute-solvent interactions. These values 
do not exhibit a regular trend of variation with temperature. The strong 
solute-solvent interactions may be attributed to the strong electrostatic 
interactions between ions (K"^ , Na"^ , CI", NO3") and the zwitterionic centres 
of amino acids and di-peptide. In addition, the amide group (-CONH2) 
and peptide group (-CONH-) of amino acids and di-peptide should also 
interact electrostatically with ions of electrolytes. The interactions 
between the ion and hydrophobic group [alkyl group(s) of amino acids / 
di-peptide] seem weaker in nature than the interactions between ion and 
zwitterionic centre. 
CHAPTER-IV 
VISCOMETRIC STUDIES OF L-LEUCINE, L-
ASPARAGINE AND GLYCYLGLYCINE IN AQUEOUS 
ELECTROLYTE SOLUTIONS 
INTRODUCTION 
The viscosity coefficient or simply the viscosity of a liquid, a 
measure of transfer of linear momentum down a velocity gradient, 
depends on the spacing between imaginary layers of the liquid and the on 
the intermolecular / interionic forces operative in it. Viscosity 
measurement provides valuable information about the size and state of 
solvation of molecules in solution (280). The viscometric studies also 
provide useful information about various types of intermolecular / 
interionic interactions occurring in solutions (284,334,335) and are of 
great help in understanding the nature of action of metal ions with amino 
acids / peptide in body system. The viscosity of the solution increases 
with increase of concentration of solute. 
The viscometric studies of amino acids and peptides have been 
carried out by a number of workers (33,233, 234, 251, 257, 258, 267, 
269, 270, 272, 275, 279, 281) in aqueous solutions and mixed aqueous 
solutions. According to J. Daniel et al. (336) charge distribution in an 
amino acid / peptide is less important than the size and structure of 
hydrocarbon portion in determining viscosities of aqueous solution 
containing these solutes. The relative viscosity data is employed in Jones-
Dole equation (231,256,262,263,265,266) for the calculation of viscosity 
B-coefficients. The coefficient B depends on the strength and extent of 
the solute-solvent interactions as well as on shape, size and charge of the 
solute molecules. Solutes, which disrupt the hydrogen bonded water 
structure in their vicinity and thus create a region of lower viscosity, have 
relatively low B-coefficients, which increase as the temperature is raised 
(280). Conversely, solutes, which enforce water structure, e.g., by 
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hydrophobic hydration, have relatively large B-coefficients, which 
decrease as the temperature is increased (281). 
A number of authors have investigated the viscosity B-coefficients 
of various amino acids and peptides in aqueous medium 
(231,258,269,275), aqueous-organic solvents (231,233,234,267,270,276) 
and aqueous solutions of LiCl, NaCl, KCl, KBr (236, 249, 263), BaCb 
(263), NH4CI (259), Na2S04 (249), CHsCOONa (265,278), 
CHjCHjCHzCOONa (262), KSCN (261,316), NaCg (266), and GuHCl 
(260,337) 
Consequently, in the present work, the viscosities of ternary 
solutions, (amino acids / di-peptide + salt + water): L-leucine / L-
asparagine / glycylglycine + (1.5M) NaCl / NaNOj / KNO3 + water have 
been measured as functions of concentration of amino acids / di-peptide 
as well as of temperature. These measured viscosity data have been used 
to calculate the relative viscosity, specific viscosity and B-coefficients for 
the systems under investigation. The results have been discussed in the 
light of solute-solute and solute-solvent interactions and structural effects 
of solute in solutions. 
RESULTS AND DISCUSSION 
The measured viscosity values of ternary systems: amino acids / di-
peptide-electrolyte-water as functions of concentration and temperature 
have been listed in Table 4.1. These data have been least-squares fitted to 
the equation, 
Tl = 'no + Tiim + ri2m^ [4.1] 
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Table 4.1: Viscosity values (ri/10'^ Nm'^s) as functions of concentration 
and temperature 























































































































































































































































































































































(vii) glycylglycine in aqueous NaCl solution 
Concentration/ Temperature/ K 
mol kg'' 
298.15 303.15 308.15 313.15 318.15 323.15 
0.0000 1.0361 0.9301 0.8410 0.7701 0.7182 0.6687 
0.0189 1.0513 0.9426 0.8623 0.7798 0.7367 0.6742 
0.0379 1.0586 0.9512 0.8656 0.7843 0.7436 0.6811 
0.0570 1.0645 0.9532 0.8688 0.7965 0.7468 0.6854 
0.0761 1.0732 0.9617 0.8759 0.8048 0.7512 0.6897 
0.0953 1.0791 0.9715 0.8792 0.8132 0.7581 0.6952 
0.1145 1.0851 0.9865 0.8863 0.8190 0.7651 0.7008 
0.1339 1.0924 0.9913 0.8921 0.8338 0.7708 0.7039 
0.1533 1.1102 1.0050 0.9108 0.8538 0.7804 0.7095 
(viii) glycylglycine aqueous NaNOs solution 
Concentration/ Temperature/ K 
mol kg'' 
298.15 303.15 308.15 313.15 318.15 323.15 
0.0000 0.9871 0.8838 0.7996 0.7396 0.6812 0.6240 
0.0186 0.9962 0.8914 0.8072 0.7459 0.6861 0.6313 
0.0372 1.0048 0.8985 0.8115 0.7489 0.6904 0.6339 
0.0559 1.0121 0.9069 0.8184 0.7546 0.6947 0.6425 
0.0746 1.0193 0.9113 0.8202 0.7588 0.6964 0.6442 
0.0935 1.0266 0.9184 0.8284 0.7634 0.6994 0.6485 
0.1124 1.0404 0.9242 0.8327 0.7675 0.7024 0.6515 
0.1314 1.0478 0.9365 • 0.8410 0.7722 0.7107 0.6597 
0.1504 1.0590 0.9423 0.8519 0.7789 0.7177 0.6667 
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(ix) glycylglycine in aqueous KNO3 solution 
Concentration/ Temperature/ K 
mol kg"' 
298.15 303.15 308.15 313.15 318.15 323.15 
0.0000 0.8808 0.7916 0.7163 0.6598 0.6081 0.5662 
0.0184 0.8940 0.8055 0.7273 0.6751 0.6201 0.5775 
0.0369 0.9010 0.8177 0.7432 0.6888 0.6339 0.5849 
0.0555 0.9082 0.8233 0.7487 0.7001 0.6387 0.5890 
0.0741 0.9120 0.8302 0.7530 0.7043 0.6482 0.5983 
0.0928 0.9158 0.8359 0.7571 0.7071 0.6511 0.6012 
0.1116 0.9256 0.8401 0.7587 0.7087 0.6552 0.6092 
0.1305 0.9347 0.8417 0.7615 0.7116 0.6567 0.6127 
0.1494 0.9412 0.8447 0.7671 0.7184 0.6622 0.6188 
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where TIO, rii and r\2 are the fitted coefficients, and m is the molal 
concentration of amino acids / di-peptide in solution. The fitted 
coefficients alongwith standard deviations are listed in Table 4.2. The 
plots of viscosity data versus concentration (molality) have been shown in 
Figs.4.1-4.9. The viscosity values increase with increase in concentration 
of amino acids / di-peptide and decrease with increase in temperature in 
all the systems under investigation. The increase in viscous behaviour of 
the solution with increase in concentration of amino acids / di-peptide 
may be attributed to an increase in-intermolecular / interionic interactions 
in solutions, which in turn, may cause more frictional resistance to the 
flow of solutions. An increase in temperature may increase the kinetic 
energy of molecules and ions of solutions, which in turn may cause a 
decrease in the intermolecular / interionic forces operative in solutions 
consisting of the zwitterions, ions and water dipoles. This decrease in 
intermolecular / interionic forces seems to be responsible for the 
decreasing trend of variation in viscosity values with increase in 
temperature. The viscosity values for the amino acids / di-peptide (L-
leucine, L-asparagine and glycylglycine), in an aqueous electrolyte 
solution, i.e., in 1.5M aqueous solution of either NaCl, NaNOs or KNO3 
vary as, 
L-asparagine < glycylglycine < L-leucine 
This trend of variation of viscosity values may be interpreted in terms of 
the size and structure of the hydrocarbon portion of the amino acids / di-
peptide molecules rather than the charge distribution on them. The 
structure of hydrocarbon portion of L-leucine is more unsymmetrical than 
the hydrocarbon portion of glycylglycine and L-asparagine. On the other 
hand, the hydrocarbon portion of glycylglycine is larger than that of 
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Table 4.2: Least-squares fit coefficients of viscosity equation, 
r\ = r\Q-^'^\V[v + r|2m at different temperatures 
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Fig.4.1: Plots of viscosity versus concentration of 
L-leucine in aqueous NaCl solution. 
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Fig.4.2: Plots of viscosity versus concentration of 
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Fig.4.3: Plots of viscosity versus concentration of 
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Fig.4.4: Plots of viscosity versus concentration of 
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Fig.4.5: Plots of viscosity versus concentration of 
L-asparagine in aqueous NaNOs solution. 
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Fig.4.6: Plots of viscosity versus concentration of 
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Fig.4.9: Plots of viscosity versus concentration of 
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L-asparagine. Therefore, the viscosity of a solution having L-leucine is 
the maximum while a solution having L-asparagine is the minimum. This 
finding substantiates the view of J. Daniel et al. (336) that charge 
distribution in an amino acid / peptide is less important than the size and 
structure of hydrocarbon portion in determining viscosities of aqueous 
solution containing these solutes. However, the trend of variation in 
viscosity values of solutions containing an amino acid / di-peptide that is 
either L-leucine, L-asparagine or glycylglycine in 1.5M aqueous solutions 
of NaCl, NaNOa and KNO3 is as follows: 
NaCl > NaNOa > KNO3. 
This trend of variation of viscosity values may be attributed to the size of 
Na^, K ,^ Cr, NO3' ions. The electrostatic interactions of smaller ions (Na"*^  
and CI") with zwitterions and water dipoles are stronger than those of 
larger ions (K^ and NO3'). Hence, the viscosity of an aqueous solution of 
NaCl is maximum whereas that of KNO3 is minimum due to the nature of 
interionic / intermolecular interactions. 
The relative viscosities, r|r, for amino acids / di-peptide in 1.5M 
aqueous electrolyte solutions have been calculated using the following 
equation and are summarized in Table 4.3, 
rir = r]/r{o [4.2] 
where rj and TJO are the viscosities of solution and solvent, respectively. 
There is an increasing trend of variation in relative viscosity values with 
increase in concentration of solutes in solutions. However, r|r values do 
not show a regular trend of variation with temperature. 
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Table 4.3: Relative viscosity values (T|r) as functions of concentration 
and temperature 





















































































































































































































































































































(vii) glycylglycine in aqueous NaCl solution 
Concentration/ Temperature/ K 
mol litre'' 
298.15 303.15 308.15 313.15 318.15 323.15 
002 1.0147 1.0134 1.0253 1.0126 1.0258 1.0082 
0.04 1.0217 1.0227 1.0293 1.0184 1.0354 1.0185 
0.06 1.0274 1.0248 1.0331 1.0343 1.0398 1.0250 
0.08 1.0358 1.0340 1.0415 1.0451 1.0459 1.0314 
0.10 1.0415 1.0445 1.0454 1.0560 1.0556 1.0396 
0.12 1.0473 1.0606 1.0539 1.0635 1.0653 1.0480 
0.14 1.0543 1.0658 1.0608 1.0827 1.0732 1.0526 
0.16 1.0715 1.0805 1.0830 1.1087 1.0866 1.0610 
(viii) glycylglycine aqueous NaNOs solution 
Concentration/ Temperature/ K 
mol litre"' 
298.15 303.15 308.15 313.15 318.15 323.15 
002 1.0092 1.0086 1.0095 1.0085 1.0072 1.0117 
0.04 1.0179 1.0166 1.0149 1.0126 1.0135 1.0207 
0.06 1.0253 1.0261 1.0235 1.0203 1.0198 1.0296 
0.08 1.0326 1.0311 1.0258 1.0260 1.0223 1.0324 
0.10 1.0400 1.0391 1.0360 1.0322 1.0267 1.0393 
0.12 1.0540 1.0457 1.0414 1.0377 1.0311 1.0441 
0.14 1.0615 1.0596 1.0518 1.0441 1.0433 1.0572 
0.16 1.0728 1.0662 1.0654 1.0531 1.0536 1.0684 
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(ix) glycylglycine in aqueous KNO3 solution 
Concentration/ Temperature/ K 
mol litre"' 
298.15 303.15 308.15 313.15 318.15 323.15 
0.02 1.0150 1.0176 1.0154 1.0232 1.0197 1.0200 
0.04 1.0229 1.0330 1.0376 1.0440 1.0408 1.0330 
0.06 1.0311 1.0400 1.0452 1.0611 1.0503 1.0403 
0.08 1.0354 1.0488 1.0512 1.0674 1.0659 1.0567 
0.10 1.0397 1.0560 1.0570 1.0717 1.0707 1.0618 
0.12 1.0509 1.0613 1.0592 1.0741 1.0775 1.0759 
0.14 1.0612 1.0633 1.0631 1.0785 1.0799 1.0821 
0.16 1.0686 1.0671 1.0709 1.0888 1.0890 1.0929 
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The specific viscosity,Tisp, which represents the relative increase in 
the viscosity of solution on addition of the solute, can be expressed as 
follows: 
lisp = (ri-Tio) / rio [4.3] 
where the terms have their usual meaning. The "Hsp values have been 
presented in Table 4.4. The risp values increase with increase in 
concentration of amino acids / di-peptide in all the nine ternary systems. 
Similar to rir values, the risp values also do not show a regular trend of 
variation with temperature. A close examination of Table 4.4 indicates 
that the rjsp values are found to be more concentration dependent as 
compared to temperature. 
The dependence of viscosity on concentration for systems under 
investigation has been analyzed in terms of the semi-empirical Jones-
Dole equation (231,262,263,265,266), 
r| / r|o = 1 + Be [4.4] 
where B and c are the Jones-Dole coefficient, a characteristic of solute-
solvent interactions, and concentration of solution in moles per litre, 
respectively. The B-coefficient values are equal to the slope values of 
linear plots of ir[/r\o) versus c. These values have been computed by 
employing the least-squares fitting method. The computed values of B-
coefficients are listed in Table 4.5. The typical plots of (TJ/TJO) versus c 
have been depicted in Figs.4.l0-4.18. The. B-coefficient is a measure of 
order or disorder introduced by the ions or solute into the solvent. A close 
examination of the Table 4.5 shows that the B-coefficient values for L-
leucine, L-asparagine and glycylglycine in all the electrolyte solutions are 
positive. The positive B-coefficient values indicate the strong solute-
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Table 4.4: Specific viscosity values (rjsp.lO") as functions of 
concentration and temperature 






















































































(iii) L-leucine in aqueous KNO3 solution 
Concentration/ 
























































































































































































































(vii) glycylglycine in aqueous NaCI solution 
Concentration/ Temperature/ K 
mol kg"' 
298.15 303.15 308.15 313.15 318.15 323.15 
0.0189 1.4670 1.3439 2.5327 1.2596 2.5759 0.8225 
0.0379 2.1716 2.2686 2.9251 1.8439 3.5366 1.8543 
0.0570 2.7410 2.4836 3.3056 3.4281 3.9822 2.4974 
0.0761 3.5807 3.3975 4.1498 4.5059 4.5948 3.1404 
0.0953 4.1502 4.4511 4.5422 5.5967 5.5556 3.9629 
0.1145 4.7293 6.0639 5.3864 6.3498 6.5302 4.8004 
0.1339 5.4338 6.5799 6.0761 8.2717 7.3239 5.2639 
0.1533 7.1518 8.0529 8.2996 10.8687 8.6605 6.1014 
(viii) glycylglycine aqueous NaNOs solution 
Concentration/ Temperature/ K 
mol kg'' 
298.15 303.15 308.15 313.15 318.15 323.15 
0.0186 0.9219 0.8599 0.9505 0.8518 0.7193 1.1699 
0.0372 1.7931 1.6633 1.4882 1.2574 1.3506 2.0673 
0.0559 2.5327 2.6137 2.3512 2.0281 1.9818 2.9647 
0.0746 3.2621 3.1116 2.5763 2.5960 2.2314 3.2372 
0.0935 4.0016 3.9194 3.6018 3.2180 2.6718 3.9263 
0.1124 5.3997 4.5712 4.1396 3.7723 3.1122 4.4070 
0.1314 6.1493 5.9629 5.1778 4.4078 4.3306 5.2711 
0.1504 7.2840 6.6191 6.5408 5.3137 5.3582 6.8429 
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(ix) glycylglycine in aqueous KNOa solution 
Concentration/ Temperature/ K 
mol kg"' 
298.15 303.15 308.15 313.15 318.15 323.15 
0.0184 1.4986 1.7559 1.5357 2.3189 1.9734 1.9956 
0.0369 2.2934 3.2971 3.7554 4.3953 4.0783 3.3027 
0.0555 3.1108 4.0045 4.5232 6.1079 5.0321 4.0268 
0.0741 3.5422 4.8762 5.1236 6.7445 6.5943 5.6694 
0.0928 3.9737 5.5963 5.6959 7.1688 7.0712 6.1816 
0.1116 5.0863 6.1268 5.9193 7.4113 7.7454 7.5945 
0.1305 6.1194 6.3290 6.3102 7.8509 7.9921 8.2126 
0.1494 6.8574 6.7079 7.0920 8.8815 8.8966 9.2900 
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Table 4.5: B / molal"' coefficient of equation, T] / rjo = 1 + Be for 
amino acids / di-peptide as a function of temperature 







298.15 303.15 308.15 313.15 318.15 323.15 
0.325 0.561 0.343 0.327 0.306 
0.407 0.558 0.754 0.939 0.603 




0.421 0.500 0.467 0.296 0.216 
0.280 0.256 0.177 0.221 0.274 
0.251 0.215 0.211 0.290 0.253 
aq.NaCl 0.373 0.478 0.374 0.650 0.417 0.367 
lycylglycine aq.NaNOa 0.450 0.408 0.381 0.314 0.305 0.375 
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Fig.4.10: Plots of relative viscosity versus concentration of 
L-leucine in aqueous NaCl solution. 
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Fig.4.11: Plots of relative viscosity versus concentration of 
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Fig.4.12: Plots of relative viscosity versus concentration of 
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Fig.4.14: Plots of relative viscosity versus concentration of 
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Fig.4.15: Plots of relative viscosity versus concentration of 
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Fig.4.18: Plots of relative viscosity versus concentration of 
glycylglycine in aqueous KNO3 solution. 
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solvent interactions in the systems under investigation. The observed B-
coefficient values of glycylglycine in all three aqueous electrolytes 
solutions are larger than the corresponding reported values in aqueous 
medium. The reported values of B-coefficient for glycylglycine in water 
are 0.315, 0.352 (at 298.15), 0.250 (at 303.15), 0.298 (at 308.15) and 
0.337 (at 313.15K) (231,275). The observed values of B-coefficients for 
L- leucine and L- asparagine could not be compared to the literature 
values as these are not available at the temperature: 303.15K or at higher 
temperatures. However, the reported values for L- leucine at 298.15 K are 
0.453 (263), 0.576 (231), 0.537 (265) and 0.487(258) in aqueous 
medium; 0.479 in aqueous glucose solution (263); 0.570 in aqueous 
sucrose solution (263); 0.408 in aqueous KCl solution (263); and 0.361 in 
aqueous KCl solution (263). The literature values are quite close to the 
present observed values listed in Table 4.5. In addition, the literature 
values for L- leucine at 298.15K in aqueous solutions of n-propanol 
(231), 1,2-propanediol (267), 1,4-dioxane (234) and sodium acetate (265) 
are also in good agreement with the present observed values. The higher 
values of B-coefficients of L- leucine and glycylglycine in 1.5M aqueous 
solutions of NaCl, NaNOs and KNO3 than those in water may be 
attributed to the enhancement of solution structure in the presence of 
electrolytes. This promotion of structure of solutions reflects the net 
structure effects of the charged ends and the hydrophobic -CH2 groups of 
the L- leucine and glycylglycine on the said aqueous electrolyte solutions. 
REFERENCES 
214 
1. I. Haq, R.R.J. O'brien and J.E. Ladbury, in Drug-Receptor 
Thermodynamics: Introduction and Application, R.B. Raffa (ed.), 
2001, chapter 5. 
2. A. Hvidt and P. Westh, J. Solution Chem., 1998, 27, 395. 
3. S. Lapanje, Physicochemical Aspects of Protein Denaturation, 
Wiley Interscience: New York, 1978. 
4. F. Franks and D. Eagland , CRC Crit. Rev. Biochem., 1975, 3, 165. 
5. G.E. Schulz and R.H. Schirmer, Principles of Protein Structure, 
Springer Verlag: New York, 1979, chapter 8. 
6. R. Lumry and R.L. Biltonen, in Structure and Stability of 
Biological Macromolecules, S. Timascheff and G.D. Fasman 
(eds.), Marcel Dekker: New York, 1969, chapter 2. 
7. C.B. Anfmsen and H.A. Scheraga, Adv. Protein Chem., 1975, 29, 
205. 
8. M. Levitt and A. Warshel, Nature (London), 1975, 253, 694. 
9. E. Octav and C. Jolicoeur, J. Phys. Chem., 1982, 86, 3870. 
10. C. Jolicoeur and J. Boileau, Can. J. Chem., 1978, 56, 2707. 
11. M.Y. Shrier, A.H.C. Ying, M.E. Ross and E.F. Shrier, J. Phys. 
Chem., 1977. 81,674. 
12. S. Lapanje, J. Skerjanc, S. Glavnik and S. Zibret, J. Chem. 
Thermodyn., 1978,10,425. 
^ s v * 
215 
13. T.H. Lilley, in Biochemical Thermodynamics, M.N. Jones (ed.), 
Elsevier: Amsterdam, 1988. 
14. F. Franks, in Biochemical Thermodynamics, M.N. Jones (ed.), 
Elsevier: Amsterdam, 1988. 
15. D.P. Kharakoz, J. Phys. Chem., 1991, 95, 5634. 
16. D.P. Kharakoz, Biophys. Chem., 1989, 34,115. 
17. G.R. Hedwig and H. H0iland, J. Chem. Thermodyn., 1991, 23, 
1029. 
18. G.R. Hedwig and H. Heiland, / Chem. Thermodyn., 1993, 25, 349. 
19. G.R. Hedwig, J. Chem. Soc. Faraday Trans., 1993, 2761. 
20. M. Sahayam and G.R. Hedwig, J. Chem. Thermodyn., 1994, 26, 
361. 
21. G.I. Makhatadze and P.L. Privalov, J. Mol. Biol., 1990, 213, 375. 
22. R. Bhat and J.C. Ahluwalia, J. Phys. Chem., 1985, 89, 1099. 
23. T.V. Chalikian, A.P. Sarvazyan and K.J. Breslauer, J. Phys. Chem., 
1993,97, 13017. 
24. S. Koth, Ann. Rev. Pharmacol. Toxicol., 1979, 19, 1959. 
25. N.P. Frank and W.R. Leib, Nature (London), 1981, 292, 248. 
26. M. Iqbal and T. Ahmed, Indian J. Chem., 1993, 32A, 119. 
216 
27. M.P. Breil, J.M. Mollerup, E. Susanne, J. Rudolph, M. Ottens and 
L.A. M. Van der Widen, Fluid Phase Equilibria, 2004, 215, 221. 
28. B.H. Park, K. -P. Yoo and C. S. Lee, Fluid Phase Equilibria, 2003, 
212, 175. 
29. R. S. Humphrey, G. R. Hedwig, I. D. Watson and G. N. Malcolm, 
J. Chem. Thermodyn., 1980,12, 595. 
30. J.P. Amend and H.C. Helgeson, Biophys. Chem., 2000, 84, 105. 
31. E.L. Shock, Geochim. Cosmochim. Acta, 1992, 56, 3481. 
32. M. Hackel, H. -J. Hinz and G.R. Hedwig, Thermochim. Acta, 1998, 
308, 23. 
33. H. Rodriguez, A. Soto, A. Arce and M.K. BChoshkbarchi, / . 
Solution Chem., 2003, 32, 53. 
34. A. Soto, A. Arce and M.K. Khoshkbarchi, J. Solution Chem., 2004, 
33, 11. 
35. M. Joly, A Physiochemical Approach to the Denaturation of 
Proteins, Academic: London, 1965. 
36. T.H. Lilly, in Chemistry and Biochemistry of Amino acids, G.C. 
Barrett (ed.), Chapman and Hall: London, 1985. 
37. J.C. Ahluwalia, J. Indian chem. Soc, 1986, 63, 727. 
38. A.W. Hakin, A.K. Copeland, J.L. Liu, R.A. Marriott and K.E. 
Preuss,y. Chem. Eng. Data, 1997, 42, 84. 
217 
39. S. Milito, M.S. Bakhshi, R. Crisantino and De Lisir, J. Solution 
Chem., 1995. 24, 103. 
40. J.D. Lee, Concise Inorganic Chemistry, ELBS, 1991,chapter 
9, p. 308. 
41. P.H. Von Hippel and T. Schleich, in Structure and Stability of 
Macromolecules, S.N. Timasheff, G.D. Fasman, (eds.), Marcel 
Dekker: New York, 1969, Vol. 2, p. 417. 
42. P.H. Von Hippel and T. Schleich, Accounts Chem. Res., 1969, 2, 
257. 
43. W.P. Jencks, Catalysis in Chemistry and Enzymology, Mc-Graw 
HilhNewYork, 1969,p. 351. 
44. F. Hofmeister, Arch. Exp. Pathol. PharmakoL, 1888, 24, 247. 
45. B.T. Nail and K.L. Dill, Conformations and Forces in Protein 
Folding, American for the Advancement of science; Washington, 
DC, 1991,p.l69. 
46. J.P. Harrington and T.T. Herskovits, Biochemistry, 1975,14, 4972. 
47. B. Nagy and W.P. Jencks, J. Am. Chem. Soc, 1965, 87, 2480. 
48. P.K. Nandi and D.R. Robinson, J. Am. Chem. Soc, 1972, 94, 1299. 
49. P.K. Nandi and D.R. Robinson, J. Am. Chem. Soc, 1972, 94, 1308. 
50. H. Uedaira and Y. Suzuki, Bull. Chem. Soc Jpn., 1979, 52, 2787. 
51. D. Ragouvamane and A.S. Rao, Indian J. Chem., 1998, 37A, 659. 
218 
52. J.D. Pandey, A. Misra, N. Hasan and K. Misra, Acoust. Lett., 
1991,15,105. 
53. J.D. Pandey, S. Haroon, K.K. Dubey, M. Upadhyaya, R. Dey and 
K. Misra, Can. J. Chem., 2000, 78, 1561. 
54. S. Govindarajan, V. Kannappan, M. D. Naresh, K. 
Venkataboopathy and B. Lokanadam, / Mol. Biol., 2003, 107, 
289. 
55. S. Islam and B.N. Waris, Thermchim. Acta, 2004, 424, 165. 
56. A. AH, Abida, S. Hyder and A.K. Nain, Collect. Czech. Chem. 
Commen., 2002, 61, 1125. 
57. A. All, A.K. Nain, N. Kumar and M. Ibrahim, Chinese J. Chem., 
2003, 21, 253. 
58. A. Ali, Abida and S. Hyder, Phys. Chem. Liq., in press. 
59. A. Ali, A.K. Nain, V.K. Sharma and S. Ahmad, Phys.Chem. Liq., 
in press. 
60. W.P. Leung, K.C. Cho, Y.M. Lo and C.L. Choy, Biochim. Biophys. 
Acta, 1986,870,148. 
61. R.K.O. Apenten, B. Buttner, B. Mignot, D. Pascal and M.J.W. 
Povey, FoodHydrocolloids, 2000, 14, 83. 
62. Q.J. Ahmad, Physico-Chemical Studies of Multicomponent 
Systems, Ph.D. Thesis, A.M.U. Aligarh (India), 1999. 
63. F.J. Miliero, G.K. Ward, F.K. Lepple and E.V. Hoff, J. Phys. 
Chem., 1974,78,1636. 
219 
64. J.D. Pandey, B.R. Chaturvedi and N. Pant, Acoust. Lett.,l9S0, 4, 
92. 
65. M. R. Islam and S.K. Quadri, Acoust. Lett, 1988,11, 219. 
66. J.D. Pandey, G.P. Dubey, B.P. Shukla and S.N. Dubey, Acustica, 
1994,80,92. 
67. J.O. Hirschfeider, C.F. Curtiss and R.B. Bird, Molecular Theory of 
Gases and Liquids, John Wiley and Sons, Inc.: New York, 1957, p. 
286. 
68. J.G. Mathieson and B.E. Conway, J. Solution Chem., 1974, 3, 455. 
69. H. Hoiland, in Thermodynamic Data for Biochemistry and 
Biotechnology, H. -J. Hinz (ed.). Springer -Verlag: Berlin, 1986, 
chapter 4. 
70. F.J. Millero, G.K. Ward and P. Chetirkin, J. Biol. Chem., 1976, 
251,4001. 
71. G.R. Hedwig and H. Holland, Phys. Chem. Chem. Phys., 2004, 6, 
2440. 
72. J.D. Pandey and Vyas, Pramana -J. Phys., 1994, 43, 36. 
73. J.G. McGowan, Nature (London), 1966, 210, 1255. 
74. N. Auerbach, Experimentia, 1948, 4, 473. 
75. J.L. Lebowitz, H.L. Frisch and E. Helfand, J. Chem. Phys., 1961, 
34, 1037. 
76. E.J. Thiele, J. Chem. Phys., 1963, 39, 474. 
220 
77. E.A. Guggenheim, Mol. Phys., 1965, 9, 43. 
78. W.G. Hoover and F.H. Ree, J. Chem. Phys., 1966, 46, 4181. 
79. W.G. Hoover and F.H. Ree, J. Chem. Phys., 1968, 49, 3609. 
80. N.F. Camahan and K.E. Starling, J. Chem. Phys., 1969, 51, 635. 
81. D. Henderson and J.A. Bakar, Mol. Phys., 1971, 21, 187. 
82. D. Henderson, Mol. Phys., 1975, 30, 971. 
83. H.L. Frisch, Adv. Chem. Phys., 1964, 6, 229. 
84. W.W. Wood, J. Chem. Phys., 1970, 52, 729. 
85. E.J. LeFevre, Nature, 1972, 20, 235. 
86. L.V. Woodcock, J. Chem. Soc. Farad. Trans. II, 1976, 72, 731. 
87. L.V. Woodcock, J. Chem. Soc. Farad Trans. II, 1978, 74, 11. 
88. R.J. Speedy, J. Chem. Soc. Farad Trans. II, 1977, 73, 714. 
89. C.V. Chaturvedi and S. Pratap, Acustica, 1979, 42, 260. 
90. J.D. Pandey and K. Misra, Acoust. Lett., 1983, 6, 148. 
91. G.R. Hedwig, J. Phys. Chem., 1995, 99, 12063. 
92. A.A. Yayanos, J. Phys. Chem., 1993, 97, 13027. 
93. V.A. Buckin, Biophys. Chem., 1988, 29, 283. 
94. M.B. Ewing, and K.N. Marsh, J. Chem. Thermodyn., 1978,10, 
267. 
221 
95. J.K. Shah and E.J. Maginn, Fluid Phase Equilibria, 2004, 222, 
195. 
96. V.E. Barlette, Fa, B.L.L. Garbujo, L.C.G. Freitas, Mol Eng., 1997, 
7, 439. 
97. J.H. Hidebrand and R.K. Scott, The Solubility of Non-Electrolytes, 
3"* ed., Dover Publications: New York, 1964, chapters V, XXIII 
and appendix I. 
98. J.M. Prausnitz, Molecular Thermodynamics of Fluid Phase Equi-
libria, Prentice Hall, Englewood Cliffs, N.J., 1969, chapter 7. 
99. A.F.M. Barton, J. Chem. Educ, 1971,48, 156. 
100. A.F.M. Barton, Chem. Rev., 1975, 75, 731. 
101. L.A.K. Stavely, W.J. Tupman and K.R. Hart, Faraday Trans. Soc. 
Disc, 1953,15, 130. 
102. H. MacDonald, G. Marangom and R. Palepu, Thermochim. Acta, 
1985,84,157. 
103. M. Alagar, M. Ponnusamy and V. Krishnasamy, Ultrasonics, 1990, 
28, 386. 
104. C.V. Suryanarayana, Ultrasonics, 1993, 31, 281. 
105. V. Tiwari and J.D. Pandey, Z Phys. Chem. (Leipzig), 1981, 262, 
53. 
222 
106. J.D. Pandey, N. Pant and B.R. Chaturvedi, Chem. Scr., 1981, 18, 
224. 
107. J.D. Pandey, A.K. Shukla, N. Tripathi and G.P. Dubey, Pramana-
J.Phys.,\993,4Q,U. 
108. R. Palepu and H. Macdonald, Thermochim. Acta, 1985, 87,151. 
109. E.K. Goharshadi and F. Nazari, Fluid Phase Equilibria, 2001,187, 
425. 
110. J. Amoros, J. R. Solana and E. Villar, Mai. Chem. Phys., 1984,10, 
557. 
111. J.A.R. Renuncio, G.J.F. Breedveld and J.M. Prausnitz, J. Phys. 
Chem., 1977,81,324. 
112. J.D. Pandey, P. Dubey, and M.C. Saxena, Acustica, 1981, 48, 277. 
113. A. Lucia and E.J. Finger, Adv. Environ. Res., 2004, 8, 197. 
114. M. Arellano, I. M.-Zloczower and D.L. Feke, Powder Tech., 1995, 
84, 117. 
115. A. Grubemmann, Dyes and Pigments, 1993, 21, 273. 
116. L. A. Kleintjens, Fluid Phase Equilibria, 1989, 53, 289. 
117. CM. Hansen, Progress Org. Coatings, 2004, 51, 77. 
118. J. Plessis, J. Pharm. Sci., 2002,16, 107. 
119. B.C. Hancock, P. York and R.C. Rowe, Int. J. Pharm., 1997, 
148,1. 
223 
120. J.A. Brydson, Plastics, London, 1961, 26, 107. 
121. H. Burrell, Off. Dig. Fed. Paint Yarn. Prod. Clubs, 1955, 27, 726. 
122. H. Burrell, Interchem. Rev., 1955,14, 31. 
123. H. Burrell, J. Paint Technol, 1958, 40, 197. 
124. L. Knopoff and J.N. Shapiro, Phys. Rev. Bl, 1970, 3893. 
125. S.K. Kor, U.S. Tandon and B.K. Singh, Phys. Lett. A, 1972, 38, 
187. 
126. B.P. Shukla, V.N. Mishra and S.N. Dubey, Curr. Sci., 1983, 52, 
721. 
127. J.N.C. Lopes, L.P.N. Rebelo and G. Jancso, J. Mol. Liq., 1992,54, 
115. 
128. J. Amoros, J.R. Solana and E. Villar, Mat. Chem. Phys., 1988, 20, 
255. 
129. B.K. Sharma, Ultrasonics, 1987, 25, 365. 
130. B.K. Sharama, Phys. Lett. A, 1984,101, 405. 
131. S.K. Kor and S.K. Pandey, Ultrasonics, 1973, 29,63. 
132. P.D. Golub' and I.I. Perepechko, Polymer Sci (U.S.S.R.), 1974,16, 
1847. 
133. S.K. Kor and U.S. Tandon, Solid State Comm., 1972,11, 963. 
224 
134. U.S. Tandon and S.K. Pandey, Phys. Lett.A, 1972, 41, 161. 
135. J.S. Shah and M.E. Straumanis, Solid State Comm., 1972,10, 159. 
136. I. Martinez, C.S.-Valle, I. Daniel and B. Reynard, Chem. GeoL, 
2004,207, 47. 
137. A.A. Yayanos, J. Phys. Chem., 1972, 76, 1783. 
138. J.C. Ahluwalia, C. Ostiguy, G. Perron and J.E. Desnoyers, Can. J. 
Chem., 1977, 51,3364. 
139. J.F. Reading and G.R. Hedwig, J. Chem. Soc., Faraday Trans., 
1990,86,3117. 
140. G.R. Hedwig and J.F. Reading, J. Chem. Soc, Faraday Trans., 
1991,87,1751. 
141. A.W. Hakin, M.M. Duke, S.A. Klassen, M. McKey and K.E. 
Preuss, Can. J. Chem., 1994, 72, 362. 
142. A.W. Hakin, M.M. Duke, J.L. Marty and K.E. Preuss, J. Chem. 
Soc, Faraday Trans., 1994, 90, 2027. 
143. T.S. Banipal and P. Kapoor, J. Indian Chem. Soc, 1999, 76, 431. 
144. M. Hackel, H, -J. Hinz and G.R. Hedwig, Phys. Chem. Chem. 
Phys., 2000, 2, 4S43. 
145. T. Imai, M. Kinoshita and F.Hirata, J. Chem. Phys., 2000,112, 
9469. 
225 
146. Y. Harano, T. Imai, A. Kovalenko, M. Kinoshita and F.Hirata, J. 
Chem. Phys., 2001,114, 9506. 
147. A.W. Hakin,and G.W. Hedwig, J. Chem. Thermodyn., 2001,33, 
1709. 
148. J.J. Jardine, T.G. Call, B.A. Patterson, M.L. Origlia-Luster and 
E.M. Woolley,y. Chem. Thermodyn., 2001, 33, 1419. 
149. T. Vogl, H.-J. Hinz and G. R. Hedwig, Biophys. Chem., 1995, 54, 
261. 
150. J.L. Price, E.G. Sorenson, E.D. Merkley, B.R. McRae and E.M. 
Wooley, J. Chem. Thermodyn., 2003, 35, 1425. 
151. M. Hackel, H. -J. Hinz and G.R. Hedwig, Biophys. Chem., 1999, 
82, 35. 
152. E.G. Sorensen, J.L. Price, B.R. McRae and E.M. woolley, J. Chem. 
Thermodyn, 2003, 35, 529. 
153. A.W. Hakin, M.M. Duke, L.L. Groft, J.L. Marty and M.L. 
Rushfeidt, Can. J. Chem., 1995,73, 725. 
154. T. Imai, A. Kovalenko and F.Hirata, Chem.Phys. Lett., 2004, 395, 1. 
155. M. Hackel, G.R. Hedwig and H.-J. Hinz, Biophys. Chem., 1998, 
73, 163. 
156. G.R. Hedwig and H.-J. Hinz, Biophys. Chem., 2003,100, 239. 
226 
157. CM. Kay, Biochim. Biophys. Acta, 1960, 38, 420. 
158. D. Kumar, J. Indian Chem. Soc., 1997, 74, 610. 
159. R. Bhat and J.C. Ahluwalia, Int. J. Peptide Protein Res., 1987, 30, 
145. 
160. R.K. Mohanty, I.N. Basumallick and U. Chakraborty, Indian J. 
C/iew., 1988,27A, 338. 
161. D. Kumar, Can. J. Chem., 1999, 77, 1288. 
162. J. Wang, Z. Yan, K. Zhuo and J. Lu, Biophys. Chem., \999, 80, 
179. 
163. S.K. Singh and N. Kishore, J. Solution Chem., 2003, 32, 117. 
164. Q. Liu, X. Hu, R. Lin, W. Sang and S. Li, J.Chem. Eng. Data, 
2001,46,522. 
165. A.W. Hakin, J.L. Liu, M. O'Shea and B. Zorzetti, Phys. Chem. 
Chem. Phys., 2003, 5, 2653. 
166. T.S. Banipal and G. Singh, B.S. Lark, J. Solution Chem., 2001, 30, 
657. 
167. G. DiPaola and B. Belleau, Can. J. Chem., 1978, 56, 1827. 
168. J.S. Sandhu, P. Kaur and U. Kashyap, J. Indian Chem. Soc, 1986, 
LXIII, 729. 
169. T.S. Banipal and G. Singh, Indian J. Chem., 2000, 39A, 1011. 
227 
170. R. Bhat, N. Kishore and J.C. Ahluwalia, J. Chem. Soc, Faraday 
Trans., 1988,84,2651. 
171. A.W. Hakin, J.L. Liu and R.A. Marriott, J. Chem. Thermodyn., 
2000,32,1355. 
172. G. Lin, R. Lin and L. Ma, Thermochim. Acta, in press. 
173. S.K. Singh, A. Kundu, N. Kishore, J. Chem. Thermodyn., 2004, 36, 
7. 
174. R. Badarayani and A. Kumar, / Chem. Thermodyn., 2004,36, 49. 
175. J. Shen, Z. Li, B. Wang and Y. Zhang, J. Chem. Thermodyn., 2000, 
32, 805. 
176. S. Li, W. Sang and R. Lin, J. Chem. Thermodyn., 2002, 34, 1761. 
177. C. Jolicoeur, B. Riedl, D. Desrochers, L.L. Lemlin, R. Zamojska 
and O. Enea, J. Solution Chem., 1986,15, 109. 
178. A.W. Hakin, L.L. Groft, J.L. Marty and M.L. Rushfeldt, Can. J. 
Chem., 1997,75,456. 
179. J.C. Lee and S.N. Timasheff, Biochemistry, 1974, 13, 257. 
180. E. Ayranci, Thermochim. Acta, 1994, 232, 297. 
181. H. Durchschlag and R. Jaenicke, Int. J. Bio. Macromol, 1983, 5, 
143. 
182. A. Kundu and N. Kishore, Biophys. Chem., 2004,109, 427. 
228 
183. S. Katz and J. Denis, Biochim. Biophys. Acta, 1970, 207, 331. 
184. S. Katz, Biochim. Biophys. Acta, 1968,154,468. 
185. M. Yamanaka, S. Kaneshina, H. Kamaya and I. Ueda, Colloids and 
Surfaces B: Biointerfaces, 2001, 22, 23. 
186. S. Lapanje and J. Kerjanc, Biochemical and Biophysical Research 
Communications, 1971,43, 682. 
187. K. Gekko and Y, Hasegawa, Biochemistry, 1986,13, 145. 
188. D.P. Kharakoz and A.P. Sarvazyan, Biopolymers, 1993, 33, 11, 
189. T.V. Chalikian, M. Totrov, R. Abagyan and K.J. Breslauer, J. Mol. 
5/o/., 1996,260,588. 
190. B. Nolting and S.G. Sligar, Biochemistry, 32, 1993, 12319. 
191. Y. Tamura and K. Gekko, Biochemistry, 1995, 34, 1878. 
192. T.V. Chalikian, V.S. Gindikin and K.J. Breslauer, J. Mol. Biol, 
1995,250,291. 
193. T.V. Chalikian, V.S. Gindikin and K.J. Breslauer, FASEB J., 1996, 
10, 164. 
194. T.V. Chalikian, J. Volker, D. Anafi and K.J. Breslauer, J. Mol. 
Biol, 1997,274,237. 
195. R.B. Simpson and W. Kauzman, J. Am. Chem. Soc, 1953, 75, 
5139. 
196. H. Noguchi and J.T. Yang, Biopolymers, 1963,1, 359. 
229 
197. C.L. Stevens and M.A. Lauffer, Biochemistry, 1965, 4, 31. 
198. S. Katz and T.G. Ferris, Biochemistry, 1968, 5, 3246. 
199. Y. Ohta, T.J. Gill and C.S. Leung, Biochemistry, 1970, 9, 2708. 
200. S. Katz and J.E. Miller, J. Phys. Chem., 1971, 75, 1120. 
201. W. Kauzmann, A. Bodansky, and J. Rasper, J. Am. Chem. Soc, 
1962,84,1777. 
202. T. Ikkai, T. Ooi and H. Noguchi, Science, 1966,153, 1756. 
203. J.M. Cassell and R.G. Christensen, Biopolyemrs, 1967, 5, 431. 
204. B.R. Gerber and H. Noguchi, J. Mol. Biol, 1967, 26, 197. 
205. R. Josephs and W.F. Harrington, Biochemistry, 1968, 7, 2834. 
206. R. Jaenicice and M.A. Lauffer, Biochemistry, 1969, 8, 3083. 
207. M.A. Lauffer, Entrophy Driven Processes in Biology, Springer-
Verlag: West Berlin, 1975. 
208. S. Lapanje, M. Lunder, V. Vlachy and J. Skerjanc, Biochim. Bio-
phys.Acta, 1977,491,482. 
209. W. Kauzmann, Adv. Protein Chem., 1959, 14, 1. 
210. J. Rasper and W. Kauzmann, J. Am. Chem. Soc, 1962, 84, 1771. 
211. L.M. Krausz and W. Kauzmann, Arch. Biochim. Biophys., 1970, 
139, 80. 
212. M. Iqbal and R.E. Verrall, J. Phys. Chem., 1987, 91, 967. 
230 
213. O. Likhodi and T. V. Chalikian, J. Am. Chem. Soc, 1999,121, 
1156. 
214. F.J. Millero, A.L. Surdo and C. Shin, J. Phys. Chem., 1978, 82, 
784. 
215. J. V. Leyendekkers, J. Phys. Chem., 1986, 90, 5449. 
216. T.V. Chalikian, A.P. Sarvazyan, T. Funk, C.A. Cain and K.J. 
Breslauer,y. Phys. Chem., 1994, 98, 321. 
217. A.F.S.S. Mendonca, S.M.A. Dias, F.A. Dias, B.A.S. Barata and 
I.M.S. Lampreia, Fluid Phase Equilb., 2003, 212, 67. 
218. G. R. Hedwig, and H. Hjafiland, Biophys. Chem., 1994, 49, 175. 
219. D.T. Tikhonov, O.E. Kiselyov, A. P. Sarvazyan and G.N. Sarkisov, 
Uhrasonics, 1995,33,301 
220. W. Jin and F. Ruo, Ultrasonics, 1990, 28, 37. 
221. N. Taulier and T.V. Chalikian, Biophys. Chem., 2003,104, 21. 
222. M. Iqbal and R.E. Verrall, J. Biol. Chem., 1988, 263, 4159. 
223. N. Taulier and T.V. Chalikian, Biochim. Biophys. Acta, 2002, 
1595, 48. 
224. T. Hianik, P. Rybar, G.M. Kostner and A. Hermetter, J. Biol. 
Chem., 1991, 61, 111. 
225. T.V. Chalikian, A.P. Sarvazyan, K.J. Breslauer, Biophys. Chem., 
1994,51,89. 
231 
226. K.C. Cho, W.P. Leung, H.Y. Mok and C.L. Choy, Biochim. 
Biophys. Acta, 1985, 830, 36. 
227. T. Hianik, P. Rybar and I. Bernhardt, Bioelectrochemistry, 2000, 
52, 197. 
228. H. Seemann, R. Winter and C.A. Royer, J. Mol. Biol., 2001, 307, 
1091. 
229. Y. Yasuda, N. Tochio, M. Sakurai and K. Nitta, J. Chem. Eng. 
Data, 199^,43,205. 
230. T.S. Banipal and G. Sehgal, Thermochim. Acta, 1995, 262, 175. 
231. T.S. Banipal and G. Singh, Thermochim. Acta, 2004, 412, 63. 
232. P.G. Rohankar and A.S. Aswar, Indian J. Chem., 2002 , 41 A, 312. 
233. U.N. Dash and N.N. Pasupalak, Indian J. Chem., 1997,36A, 834. 
234. T.S. Banipal and G. Singh, Indian J. Chem., 2004, 43A, 1156. 
235. T. Ogawa, M. Yasuda and Mizutani, Bull. Chem. Soc. Jpn., 1984, 
57, 662. 
236. T. Ogawa, K. Mizutani and M. Yasuda, Bull. Chem. Soc. Jpn., 
1984,57,2064. 
237. R.K. Wadi and P. Ramasami, J. Chem. Soc. Faraday Trans., 1997, 
93, 243. 
238. R. Badarayani and A. Kumar, J. Chem. Thermodyn., 2003, 35, 897. 
239. R. Badarayani and A. Kumar, Fluid Phase Equilib., 2002, 201, 
321. 
232 
240. A. Soto, A. Arce and M. K. Khoshkbarchi, Biophys. Chem., 1998, 
74, 165. 
241. I.N. Basumallick, R.K. Mohanty and U. Chakraborty, Indian J. 
C/zew., 1986, 25A, 1089. 
242. A. Soto, A. Arce and M. K. Khoshkbarchi, Biophys. Chem., 1999, 
76, 73. 
243. K. Sasahara, M. Sakurai and K. Nitta, J. Mol. Biol., 1999,291, 
693. 
244. A. Almagor, A. Priev, G. Barshtein, B. Gavish and S. Yedgar, 
Biochim. Biophys. Acta, 1998,1382, 151. 
245. T. Hianik, P. Rybar, L. Ikurova, J. Dujsik, R. Krivanek, D. 
Chorvat, V.S. Markin and D.F. Landers, Colloids and Surfaces A: 
Physicochemical and Engineering Aspects, 2000, 174, 341 
246. A.K. Chattopadhyay and S.C. Lahiri, Electrochim. Acta, 1982, 27, 
269. 
247. D.P. Kharakoz, Biochemistry, 1997, 36, 10276. 
248. D.P. Kharakoz and V.E. Bychkova, Biochemistry, 1997, 36, 1882. 
249. R. Badarayani and A. Kumar, J. Solution Chem., 2004, 33, 407. 
250. B.N. Waris, U. Hasan and N. Srivastva, Thermchim. Acta, 2001, 
375, 1. 
233 
251. R. Badarayani and A. Kumar, J. Chem. Thermodyn., 2004,36, 983. 
252. L. Paduano, R. Sartorio,V. Vitagliano and L. Costantino, J. Mol. 
Liq., 1990,47, 193. 
253. B. Schobert and H. Tschesche, Biochim. Biophys. Acta, 1978, 541, 
270. 
254. C.W. Fountain, J. Jennings, C.K. McKie, P. Oakman and M.L. 
Fetterolf, J. Chem. Edu.,1997, 74, 224. 
255. J.L. Rechards, J. Chem. Edu., 1993, 70, 685. 
256. G. Jones and M. Dole, J. Am. Chem. Soc, 1929, 51, 2950. 
257. H.D. Ellerton, G. Reinfelds, D.E. Mukahy and P.J. Dunlop, J. 
Phys.Chem., 1964,68,398. 
258. Z. Yan, J. Wang, W. Liu and J. Lu, Thermochim. Acta , 1999, 334, 
17. 
259. M. Natarajan, R.K. Wadi and H.C. Gaur, J. Chem. Eng. Data, 35, 
1990, 87. 
260. K.B. Belibagli and E. Ayranci, J. Solution Chem., 1990, 19, 867. 
261. R.K. Wadi and R.K. Goyal, J. Sohition Chem. ,1992,21,163. 
262. Z. Yan, J. Wang and J. Lu, J. Chem. Eng. Data, 2001, 46, 217. 
263. T.S. Banipal, A. Bhatia, P.K. Banipal, G. Singh and D. Kaur, J. 
Indian Chem. Soc, 2004, 81, 126. 
234 
264. B.S. Lark, P. Patyar, T.S. Banipal and N. Kishore, J. Chem. Eng. 
Data, 49, 2004, 553. 
265. T.S. Banipal, D. Kaur and P.K. Banipal, J. Chem. Eng. Data, 49, 
2004, 1236. 
266. J. Wang, Z. Yan, Y. Zhao and F. Cui, J. Chem. Eng. Data, 49, 
2004, 1354. 
267. T.S. Banipal, D. Kaur, P. Lai, G. Singh and P.K. Banipal, J. Chem. 
Eng Data, 2002,^1, 1391. 
268. C. Zhao, P. Ma and J. Li, J. Chem. Thermodyn., 2005, 37, 37. 
269. H.J.V. Tyrrell and M. Kennerley, J. Chem. Soc. A, 1968, 2724. 
270. N.C. Dey, B.K. Saikia and L Haque, Can. J. Chem., 1980, 58, 
1512. 
271. J. Wang, Z. Yan and J. Lu, J. Chem. Thermodyn., 2004, 36, 281. 
272. Z. Yan, J. Wang, W. Kong and J. Lu, Fluid Phase Equilib., 2004, 
215, 143. 
273. A. Pal and S. Kumar, J. Mol Liquids, 2004, 109, 23. 
274. CM. Romero, E. Moreno and J.L. Rojas, Thermochim. Acta, 1999, 
328, 33. 
275. J.M. Tsangaris and R.B. Martin, Arch. Biochem. Biophys., 1965, 
112,267. 
276. J.S. Sandhu and U. Kashyap, Indian J. Chem., 1987, 26A, 952. 
235 
277. M. Sengupta and M.M. Bhattacharya, J. Electroanal Chem., 1981, 
121, 47. 
278. Z. Yan, J. Wang and J. Lu, Biophys. Chem., 2002, 99, 199. 
279. J. Wang, Z. Yan, H. Zhang and J. Lu, Biophys. Chem., 2000,86,71. 
280. R.H. Stokes and R. Mills, Viscosity of Electrolytes and Related 
Properties, Pergamon press: London, 1965. 
281. L.S. Mason, P.M. Kampmeyer and A.L. Robinson, J. Am. Chem. 
Soc, 1952,74,1287. 
282. E.R. Nightingale and R.F. Benck, J. Phys. Chem., 1959, 63, 177. 
283. W.M. Cox and J.H. Wolfenden, Proc. Roy. Soc, London, 1934, A 
145, 475. 
284. R.W. Gumey, Ionic Process in Solutions, Mc-Graw Hill: New 
York, 1953. 
285. M. Kaminsky, Z. Naturforsch, 1957,12A, 424. 
286. G.S. Kell, J. Chem. Eng. Data, 1975, 20, 97. 
287. J. Kestin, M. Sokolov and W.A. Wakeham, J. Phys. Chem. Ref. 
Data, 1980,7,941. 
288. G.S. Kell, J. Chem. Eng. Data, 1970,15, 119. 
289. R. Randall, Bur. Standards J. Res., 1932, 8, 79. 
290. I. Hall, Phys. Rev., 1948, 73, 775. 
291. N.P. Rao and R.E. Verrall, Can. J. Chem., 1987, 65, 810. 
236 
292. F. Hirata and K. Arakawa, Bull. Chem. Soc. Jpn., 1972, 45, 2715. 
293. S. Magazu, P. Migliardo, A.M. Musolino and M.T. Sciortino, /. 
Phys. Chem., 1997,101, 2348. 
294. N. Rohman and S. Mahiuddin, J. Chem. Soc. Faraday Trans., 
1997,93,2053. 
295. H. Endo, Bull. Chem. Soc. Jpn., 1973, 46, 1106. 
296. I.E. Elpiner, Ultrasound: Physical Chemical and Biological Effects 
(translation from the Russian by F.L. Sinclair), Consultants 
Bureau: New York, 1964, chapter 7, p. 188. 
297. S.N. Rao, K.V. Rao and K.S. Rao, Ind J. Pure and Appl. Phys., 
1973,11,407. 
298. D.D. Despande and L.G. Bhatgadde, J. Phys. Chem., 1963, 72, 
261. 
299. L.G. Bhatgadde, S. Oswal and C.S. Prabhu, J. Chem. Eng. Data, 
1971,16,469. 
300. B.P. Shukla and S.N. Dubey Acoust. Lett., 1985, 9, 71. 
301. A.P. Sarvazyan, D.P. Kharakoz and P. Hemmas, J. Phys. Chem., 
1979,83, 1796. 
302. A.W. Hain, H. Holland and G.R. Hedwig, Phys. Chem. Chem. 
Phys.,2000,2,4S50. 
303. J.H. Hildebrand and R.L. Scott, Regular Solutions, England Cliffs; 
Prentice Hall: New Jersey, 1962. 
237 
304. J.H. Hildebrand and R.L. Scott, Solubility of Non-Electrolytes, 3"^ 
ed., Reinhold: New York, 1950. 
305. D.D. Macdonald and J.B. Hyne, Can. J. Chem., 1971. 49, 611. 
306. S.V. Subrahmanyam, T. Ramanujappa and E.S. Raja Gopal, 
Acustica, 1983,52, 125. 
307. C.V. Suryanarayana, Indian J. Pure App. Phys., 1989, 27, 751. 
308. M.R.J. Dack, Aust. J. Chem., 1975, 28, 1643. 
309. M.R.J. Dack, J. Chem. Soc. Rev. (GB), 1975, 4, 211. 
310. J.D. Pandey and R.L. Mishra, Acustica, 1978, 39, 200. 
311. L.I. Acevedo, G.C. Predrosa and U. Katz, J. Solution Chem., 1990, 
19, 11. 
312. R.D. Dunlop and R.L. Scott, J. Phys. Chem., 1962, 66, 631. 
313. L.A.K. Staveley, W.I. Tupman and K.R. Hart, Trans. Faraday 
Soc, 1955,51,323. 
314. A.A. Zamyatnin, Annu. Rev. Biophys. Bioeng., 1984, 13, 145. 
315. A.P. Sarvazyan, Annu. Rev. Biophys. Chem., 1991, 20, 321. 
316. E.J. Cohn and J.T. Edsall, Proteins, Amino acids and Peptides as 
Ions, Reinhold: New York, 1943. 
317. J.P. Greenstein and M. Winitz, Chemistry of the Amino acids, 
Wiley-Interscience: New York, 1961, Vol. I. 
238 
318. J.W. Larson and L.G. Helper, Solute-Solvent Interactions, J.F. 
Coetzee and CD. Ritchie (eds.), Marcel Dekker: New York, 1969. 
319. J.F. Reading, I.D. Watson and G.R. Hedwig, J. Chem. Thermodyn., 
1990,22,159. 
320. H. Yang, J. Zhao and M. Dai, Acta Chim. Sinica., 1993, 51, 112. 
321. J. Wang, Z. Yan, K. Zhuo and D. Liu, Z Phys. Chem., 214, 2000, 
333. 
322. R.K. Wadi and R.K. Goyal, J. Chem. Eng. Data, 1992, 37, 377. 
323. Z. Yan, J. Wang, H. Zheng and D. Liu, J. Solution Chem., 1998, 
27, 473. 
324. A.K. Mishra and J.C. Ahluwalia, J. Phys. Chem., 1994, 88, 86. 
325. E.J. Cohn, T.L, McMeekin, J.T. Edsall and M.H. Blanchard, J. Am. 
Chem.Soc, 1934,56,784. 
326. F. Franks, M.A. Quickenden, D.S. Reid and LD. Watson, Tram. 
Faraday Soc, 1970, 66, 582. 
327. S. Terasaewa, H. Itsuki and Arakawa, J. Phys. Chem., 1975, 79, 
2345. 
328. F. Shahidi, P.O. Farrell and J.T. Edwards, J. Solution Chem., 1976, 
5, 807. 
329. A. Bondi, J. Phys. Chem., 1964, 68, 441. 
330. A. Bondi, Physical Properties of Molecular Crystals, Liquids and 
Glasses, New York, 1968, chapter 14. 
239 
331. A. Bondi, J. Phys. Chem., 1959, 58, 929. 
332. A.K. Mishra and J.C, Ahluwalia, J. Chem. Soc. Faraday Trans., 
1981,77, 1469. 
333. H.S. Frank and M.W. Evan, /. Chem.Phys., 1945,13, 507. 
334. J.D. Pandey and A. Yasmin, Proc. Indian Acad. Sci., 1997, 109, 
289. 
335. A.P. Mishra and S.K. Gautam, Indian J. Chem., 2001, 40A, 100. 
336. J. Daniel and J.E. Cohn, J. Am. Chem. Soc, 1936, 58, 415. 




Tabic Al: Thermal expansion coefficient values (a/10*'* K"') as 
functions of concentration and temperature 
(i) L-leucine in aqueous NaCl solution 
Concentration/ Temperature/ K 











































(ii) L-leucine in aqueous NaN03 solution 
Concentration/ Temperature/ K 











































(iii) L-leucine in aqueous KNO3 solution 
Concentration/ Temperature/ K 













































































































































































































































































































































































































































Table A2: Specific heat ratio values (/xlO) as functions of concentration 
and temperature 














































308.15 313.15 318.15 
1.266 1.265 1.266 
1.265 1.265 1.266 
1.264 1.265 1.265 
1.264 1.264 1.265 
1.263 1.263 1.264 
1.262 1.263 1.263 
1.261 1.262 1.263 
) in aqueous NaNOs solution 
Temperature/ K 
308.15 313.15 318.15 
1.259 1.260 1.261 
1.259 1.259 1.260 
1.258 1.259 1.260 
1.257 1.258 1.259 
1.257 1.257 1.258 
1.256 1.256 1.257 
1.255 1.255 1.256 










308.15 313.15 318.15 
1.256 1.256 1.257 
1.255 1.256 1.256 
1.255 1.255 1.256 
1.254 1.255 1.255 
1.253 1.254 1.254 
1.253 1.253 1.254 






























































































































































































































































































































































; KNO3 solution 
Temperature/ K 
308.15 
1.256 
1.255 
1.255 
1.254 
1.254 
1.253 
1.253 
1.252 
1.252 
313.15 
1.256 
1.256 
1.255 
1.255 
1.254 
1.254 
1.253 
1.253 
1.252 
318.15 
1.257 
1.256 
1.256 
1.256 
1.255 
1.255 
1.254 
1.254 
1.253 
323.15 
1.267 
1.266 
1.265 
1.264 
1.264 
1.263 
1.262 
1.262 
1.261 
323.15 
1.262 
1.261 
1.260 
1.259 
1.258 
1.258 
1.257 
1.257 
1.256 
323.15 
1.258 
1.257 
1.257 
1.257 
1.256 
1.256 
1.255 
1.255 
1.254 
